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PREFACE 


W ITHIN the past four years urgent questions have been 
addressed to the Meteorological Office from many quarters 
about the winds Some of them refer to the winds at the surface, a 
subject of immemorial antiquity which has only within the last score 
of years been subjected to comparatively accurate measurement, 
and others refer to the winds of the free atmosphere beyond the 
reach of the highest point upon which an anemometer could be 
fixed 

The work of the Meteorological Office aided by the contribu- 
tions of data from various departments of the naval, military and 
air-services has provided the material for answeis to these questions, 
but the first conclusion derived from the study of the material is that 
the answers to all the questions cannot be treated separately They 
all form part of a description of the structure of the atmosphere, 
a structure so complicated, even so perverse, as to make the attempt 
to describe it intelligibly without some guiding principle, or to deal 
with It piecemeal, hopeless 

We have found a guiding principle of great practical utility m 
the relation of the wind to the distribution of pressure which can 
be deduced from the assumption that as a general rule 'the motion 
of air in the free atmosphere follows very closely the laws of motion 
under balanced forces depending on the spin of the earth and the 
spin in a “small circle” on the earth And therefore, m order to pio- 
vide the best available answers to the questions put to us we have 
studied the relation of the winds to the distribution of pressure at 
the surface and in the free atmosphere 

This study has led to setting out what amounts almost to a 
general meteorological theory. It forms Part iv of this manual and 
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includes within its scope the best answci which wt ait abU i»t «*!U‘ 
to the general questions put to us. 

Behind it lies the vast accumulation ot huts (»biaimil Iw the 
industry and perseverance ol iiictcoiolugic.il obMi\!i*> all <Hti iht* 
world which are represented compcndiou.slv Im piatlual iiuinn 
ologists by a senes of normal •values ol nu‘tcoii*iftj'U a! lUiut ni' <it 
every kind These aic sumituuiscd in Fart I as a I'cncial aiiui til 
the globe and its atmosphcie which is basetl upon iht pu.ti but 
unfortunately still incomplete vvoik of Ilililcbiamh-Mtii ami 'iii*- 
serene de Bort, Les Bases Je fa Mehiaoh^te ilvmtmHfUt 

But anyone who takes an intelligent intciest in tin '.timtnir of 
the atmosphere, whether he regards it in detail oi ihmK*. onb ol it*, 
more geneial features, must have a working kmtwledi'c ol ihi ph\*.i' 
cal properties of air, and that is no slight inattci MavutlT* womlti- 
ful rej«^-ioo/eo///ea/ with all its digicssivechjiplcif.il light hav» bun 
written for the purpose, for all that it conl.nn i e. cMiaoiduiaiily 
appropriate Only one additional chiiptei , on tlic diHn iilt • ub)ci i of 
the thermodynamical properties of moist an, is mpnicd 
The physical properties of aii form the snbicu ol I'a.t it 
Part in contains the formal setting out ol the ilvnanmal and 
thermal principles upon which theoretical imttoiohnv .Upembt, 
and which find their application in Part iv. It h ne< eHv..u ilv ii < liiin.il 
but again its main outlines aie sketclu'd by the haiul o| .i pnlWt 
master of the art in Maxwell’s Matter and Mutmn, 

The whole is preceded by a liistorical uitiodnetnm .md a '1.111* 
ment of the position of the genera! meteorologica! ptobh in .it tin* 
present day, because the history of the study of vvi.iiliet foim,., .1 
striking example of the interaction of the progtess ol a’lem r .iinl the 
creation of the instruments whicli it uses. 

Part IV IS issued in advance hccause what 1 . toni.itm d tin il'in 
has not hitheito been presented in a collected lotin, ft icj*u"*cni^ 
the progress made chiefly l>y those wiio have hern as.m i.itcd m the 

workoftheMeteorologicalOfliceinthepasttvvciity VC 41 S. owcoui 

success to the fortunate circumstances of our inctcoiologic.d irmiiw. 
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PREFACE 

I'oi thf otliei p.uts of the stihject all meteorologists have the 
same souiecs of icfeienoe open to them if tliey care to use them. 
()m coiK'cin in this woik is to piesent a sunimiuy of them in the 
most haiuK foim toi conveying an idea of the information which is 
available, hoi the suivey of the meteorology of the globe Baitho- 
lomevv’s .UlaK oj Mvtcoiolof’v by Buchan and Ileihert.son is in 
itsc'lf an admit able compenduim 

riiespc'Cial elimatologieal atlases, ol Russia hyCJcneial Rykatchef, 
of India hv Sir John Kliot, of C'anada by Sir Fiedenck Stupait, the 
gieat vvotk on the climatology of the United States of America by 
A. J Ileniy and the less complete hut still notable work by C M. 
Delgado de <*aivalho on the Meteorology of the United States of 
Bia/.i! invite contiihutions to the common stock of knowledge on the 
pait of otiiei coimtties so that the student of meteorology may not 
eonfmue to he dependent upon the data in theii original form, which 
aie on!\ contained m a few of the lihiaiies of any countiy. 

The physical and dynamical pimciples upon which the processes 
of weathei depend aie the common ptopeity of all students of 
plnsicH. If those to whose caie the progiessof physics is entrusted 
liad taken the physical problems of the atmosphere unclei then 
chaige as tlieir jiredece.ssots did hefoie the advent of the electrical 
eia one half at least of this hook might have been more effectively 
dealt with by other hands. 

A work of this kind neee.ssaiily depends in very huge measure 
upon ilhislnitions which often represent, in the most succinct 
mannei, lesults of observations whieh cannot he transcribed m 
wolds or formulae. The oiiginal diawings are the only satisfactory 
evidence for wrifei or reader heeausc in the giadual development 
of the hcience what at one stage of out knowledge appears to be a 
superfluous accident may hccoitie the stalling point of a new 
advance. 'Hh* autlmi aiul the Meteoiological Committee, at whose 
instance this woik was undertaken, dcsite heie to place on recoid 
their acknowledgment to the Uontrollei of H.M. Stationery Office, 
the Board of IVadc, the Ordnance Suivey and the Advisory Com- 
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mittee for Aeronautics for permission to use illuht rations which have 
appeared in the publications of ILM. (Jovcinnicnt. 

And similar acknowledgment is due to the Kojal Socict), the 
Royal Meteorological Society, the Carnegie Institution of Washing- 
ton, Piofessor McAdie of Harvard University and particulail\ to 
CaptainC. J. P Cave of Ditcham Park. 

Particulars of the extent to which illustrations have been bor- 
rowed hre set out in the list contained in pp. xiv to v\i. 

The author desires also to express his thanks to an old friend ami 
colleague, Mr J. B Peace, Printer to the Univeisity of C'atnbiidge 
for the care which he has given, in the difficult circuinstaiUTs of the 
later stages of a great war, to the anangement of the book ami llie 
form of the illustrations 


Meteorological Oifice, London 

9 Decembn 1918 


NAPIKR SHAW 


A preliminary issue of a limited number of copies of this trirt 

nd fi lends some corrections and suffieations whidi luiw now 
mcoiporated in the text or added as notes. 
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PART IV 

Illh RELATION OF WIND TO THE DISTRIBUTION 

OF barome'fric pressure 

CHAPTER I 

7 he (kinds of the de termination of the pressure-gradient 
and the wind 

i. ^ ” *'= '>>» *”1*“ 

HalUu’B law In th*. n tl" pressure m accordance with Buys 

fhm nf . f"«hern henuspheic pressuie is lower on the left of the 

271 , L the closer the isobsro are tot-ether 

ini gfc4U 1 1 m II ruk% tn the velocity of the wind ^ 

The relation which these words express is rather vague. At weU-exnosed 
«t«titm.H f>n our coasts the inclination of the obseived wind to the lun of the 
laohaia is generally about 30" towards the side of lower pressure but it vanes 

tw'lir .Tf" h, 1’ ' A” ™"d follow even the local deviahons ot 

Am i o .Ll hm "'A, "'"J’nams fidehty a, m the map for 8 a.m of 

a! ‘ I I «>tcamonally the wmd may cross the isobar at 4?'* or more 

At inland stations, particularly those m hilly or mountainous districts, th^law 
has njany exceptions. The relation of the velocity to the gradient of pressur^ 
also shows variations within wide limits so that if the surface-wind be teken as 
b’ tul n «at>sfactory expicwion can be given for a relation 

But in Part m we have seen that undei certain conditions there ought to 
be a lelation between the flow of air and the distribution of pressure in the 
atmosphere of a rotating globe such as, without serious error, we may con- 

by die equltkm established is that expressed 

# zwtyjsint/) ! r'*p cot r/A’, . .. (yj 

where ^ is the pressui e-gradient, or tangent of the slope of the isobaric surface, 

V the vekwity of the wind, 
p the dffiiity of the mr, 

4 the Lititiide of the place of observation, 

f the angular radius of the small circle which inaiks the path of the air 
at the moment, 


i* M. 


I 
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E the radius of the earth, 

CO IS the angular velocity of the earth’s rotation 
The double sign ± means that the formula is different according as the 
path of the air deviates from a great circle to the left, or to the right If it turns 
to the left the small circle ivhich identifies the curvature of the path for the 
moment has low pressure at its centre It therefore belongs to a cyclonic 
system, and the + sign is to be used but if the air deviates to the right the 
small circle in which it is moving has higher pressure at its centre , the circu- 
lation IS anticyclomc and the - sign is to be used 

The conditions under which this equation holds are that the motion of the 
air IS along a horizontal surface, that the resultant of the forces acting upon 
the air is perpendicular to the direction of motion so that there is no immediate 
acceleration or retardation of the speed and the resultant force must be of the 
proper magnitude to balance the kinematic effect of the spin of the earth and 
the spm of the air in the small circle which marks its path 

These conditions clearly cannot be satisfied in the case of the air that flows 
along the surface because there is always the friction of the surface which 
absorts momentum from the flowing stream and consequently appears as a 
retarding force in the Ime of motion It is by the sacrifice of its momentum 
^at wind produces the effects upon land and water with which we are familiar 
The energy of sea-waves comes from the motion of the wind, as does also the 
energy that is displayed in the destructive effects of a gale, a hurricane or a 
tornado Consequently, in so far as Buys Ballot’s law is a manifestation of the 
relation of the wind to the distribution of pressure indicated by the equation 
or gradient wind, it is under the most unfavourable conditions that the mani- 
festation takes place at the surface The fact that a relation can be recognised 
so frequently in conditions so unfavourable certainly imphes that the relation 
o wind to pressure in some form or other is an important principle in the 
structure of the atmosphere 

William FerreP had already used the effect of the earth’s spin as the basis of 
a scheme for the general circulation of the atmosphere Guldberg and Mohn^* 
attnbuted the difference between the computed results and those observed 
tor the surface-wind to frictiOn and a coefficient of friction was evaluated but 
when the soundings of the upper air made with kites by W H Dines from 
1903 onwards were referred to our maps the fact of the nearer approxi- 
mation to the computed value both as regards direction and velocity shown 
by toe winds of the upper air at once challenged attention 

The question was examined by E Gold in a Report on Barometric Gra- 
dient and Wind-force^ The practical conclusion of the exaimnation was that 
It the wind at the 500 metres level was compared with the surface-gradient 
there was on the average close agreement, the deviation being sometimes one 

^ A popular treahse on the mnds 'New York, 1889 
tiansIatSbyC^vSl^d 1 .^" Atmospbere' (ongxnal paper revised by authors and 

» M o Ribhcation^ No 
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way and sometimes another And Gold added in the same report a theoretical 
proposition easily verified by common observation and of great importance 
He showed that if the negative sign be taken in the gradient equation and the 
equation be solved as a quadratic, for the determination of the wmd-velocity v 
corresponding with a given gradient the roots become imaginary if the cur- 
vature IS above a certain limit From which it follows that if the balance of 
wind and gradient is the principle upon which the structure of the atmosphere 
is based the winds near the centre of an anticyclone, where the curvature of the 
isobar must be relatively great, cannot exceed a certain small limiting value, 
whereas no such limitation is applicable in the case of a cyclonic depression 
This gave a dynamical explanation of the well-known fact that the central 
region of an anticyclone is always an area of very light winds whereas there is 
practically no limit to the velocity of the winds in the small circles near the 
core of a tropical revolving storm or a tornado 

Up to that time it had been customary to consider all such dynamical pro- 
blems from the point of view of the motion of the air resulting from the effect 
of a finite difference of pressure, and Gold gave a calculation of the time which 
would be required for the velocity to adjust itself to the pressure-gradient, but 
if we consider that the piocess of adjustment is constantly going on and that 
in most unfavourable circumstances Buys Ballot’s law gives evidence of the 
adjustment, we are left to surmise what uncompensated differences of pressure 
are likely to be found in the free atmosphere where there are no disturbing 
forces such as are found at the surface and where an infinitesimal change in the 
distribution of pressure or in velocity at once sets up the process of readjust- 
ment We are precluded from supposing that the retaiding force of ‘‘friction” 
at the surface extends to great heights in the atmosphere by the direct action 
of viscosity because Helmholtz has shown that any such effect is negligible^ 

The investigation of the Ltfe-History of Surface Air-currents^ showed that 
m actual practice air must be regarded as travelling over long tracks of sea and 
land with very little change of velocity from hour to hour or even, on occasions, 
from day to day and suggested that such incidents as being caught in the 
ascending current of a rain-storm or shower, the most likely disturbance of an 
even progress, must form a very small part of the life-history of air-currents , 
that the greater part must be made up of such steady motion as we see m 
the case of clouds in common weather which travel for long distances with 
very little change of speed 

If we consider other cases in which long continuous journeys are made such 
as that of a ship pursuing a similarly even course from one port to another 
three thousand miles away we are not, as a rule, much concerned with the 
acceleration of the start or the retardation of the landing but with the circum- 
stances of the motion of the long voyage so nearly uniform that we may regard 
the ship as moving under balanced forces So with the winds in meteorology, it 
IS not that portion of their history in which they are starting or stopping, 
accelerated from quiescence or brought to rest by some sudden difference of 
1 Sttzungsber K P Akad , 1888, p 647 ® M O Publication, No 174, 1906 



4 WIND AND BAROMETRIC PRESSURE 

pressure operating for a short time, that we have to think about so much as the 
longer period when they keep on their uniform way under balanced forces 
like a tram or a motor-car that has got its speed and is making a run on a long 
stretch There will, of course, be variations m the gradient of the road that will 
alter the rate of motion, sometimes slowing it down, sometimes speeding it up, 
but the chief feature of the motion is the balance between the motive forces of 
the engine and the resisting forces of the air and the wheels 

If we may be permitted to consider the air as having m like manner 
arrived at an established state of motion, without being obliged to trace the 
original causes of its motion or speculate upon its arrest, we may limit our 
consideration to the progress of its motion , in ordinary circumstances this will 
show very little variation of speed in the course of hours in compaiison with 
t e possible effects of the force of pressure which has been operative during 
those hours, in a direction transverse to the air’s motion, so that the function 
of pressure-distribution seems rather to be to steer the air than to speed it or 
stop It So It will be more profitable to consider the “strophic” balance be- 
tween the flow of air and the distnbution of pressure as an axiom or principle 
of atmospheric motion which, at the moment, cannot be either directly verified 
m directly contradicted, and examine the phenomena from that point of view 
This principle was enunciated in a paper before the Royal Society of Edin- 
burgM in 1913 as follows In the upper layers of the atmosphere the steady hori- 
zontal motion of the air at any level is along the horizontal section of the isobanc 
surface at that level and the velocity is inversely proportional to the separation of 
the isobcLYtc lines in the level of the section 

In this statementthe effect of the curvature of the path of the moving air was 
disregarded and the cases under consideration were theiefore limited to those 
m which the air ^moving approxunately along a great circle and tbs limitation 
requires notice There are two terms on the right-hand side of the equation for 
padient-wind so that for a given value of the velocity v two causes contribute 
to the making of the balance of the gradient ^ One part which we may write 
s^ is represented by the term zcovp sin p and is therefore due to the earth’s 
rotetion, we may call that part the “ geostrophic ” component, the other pait 
which we may denote by is due to the spin lii a small circle of angular radius 
r this we may call the “ cyclostrophic ” component It is evident that as 
the latitude p becomes less, that is as we move nearer to the equator, the 
geostrophic component becomes relatively of less importance because the 
factor sin p diminishes and at the equator, where p = 0, the effect of the rota- 
lon of the earth has vanished, the only possible balance of wind and pressure 

whwk appreciate in rapidly rotating 

“e 11 1*^ » Other hand if the motion is m greater and greater 

small circles the relative importance of the cyclostrophic component be- 
comes less and less until when the motion is along a great circle cot r becomes 
ero and the rotation of the earth alone is operative to maintain the balance 
between velocity and pressure. The wind computed according to the complete 
* Prop R,S E , vol, XXXIV, p 78, 1913 
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formula we call the "‘gradient- wind’’ and if the curvature of the path, rightly 
or wrongly, be disregaided and the velocity computed as balancing the pres- 
sure with the aid of the earth’s spin alone we call the computed value the 
“geostrophic wind ” 

To assume that this balance of wind and pressure in the upper air is an 
operative principle of atmospheric structure may be thought a hazardous mode 
of procedure and it requires the most scrupulous examination, but the proper 
course seems to be to accept it at least until the proved exceptions are numer- 
ous enough to show that, under the prescribed conditions of motion approxi- 
mately in a great circle, finite differences of pressure do exist in the air without 
the compensating velocity m the air-currents It need not be supposed that 
the balance is always strictly perfect but only that in ordinary circumstances 
the accelerating forces operating m the air are so small in relation to the 
pressuies that we measure, that they are beyond our powers of observation 
In the remainder of this chapter we propose to examine the question of the 
direct comparison of the actual wind with the wind computed from the 
gradient 

First It must be remembered that the determination either of the gradient 
or of the actual wind at any level is attended with great practical difficulty 
The gradient is determined by plotting observations of pressure on a map and 
drawing isobars across the area The pressures are observed by different 
observers and accuracy in the collection of simultaneous values depends in 
the first place upon punctuality, too soon being as bad as too late, and upon 
the careful attention to the organisation of the network of stations The ob- 
served pressures have to be reduced to sea level by a process which may intro- 
duce quite appreciable errors if the observing station is some hundreds of feet 
up The stations of the Meteorological Office are about fifty miles apart over 
the British Isles and the seas have to be bridged by connexion with stations 
on either side or by wireless reports from distant ships With stations so wide 
apart isobanc lines can be drawn with reasonable certainty so far as their 
general run is concerned but there may be details of variation which the obser- 
vations do not show A local gradient, for example, for a width of say five miles 
along a coast may correspond truly with a local wind, the local wind would be 
obtained by direct observations, the local gradient could only be obtained by 
the most elaboiate process because the pressure-difference over five miles 
necessary to balance a geostiophic wind of gale force is not more than half a 
millibar Slight variations shown on a barogram by fluctuations in the record 
which we call embroidery cannot be represented on the map without elaborate 
investigation quite beyond the scope of the daily service which provides the 
maps from which gradients are taken 

Gradients for higher strata than sea level are practically unattainable at 
piesent except by calculation, and for adequate calculation accurate informa- 
tion of the temperature at different levels above the places of observation is 
required but is not yet available 

But if there is difficulty about obtaining the gradient the difficulty of 
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Office are characterised by a singular and anomalous freedom from gales 
which is really attributable to the exposure of the anemometers No doubt the 
position of the question can be improved by a discussion of the available data 
when a standard of reference can be agreed upon At present the only standard 
that seems m any way adequate is the geostrophic wind of straight isobars and 
that IS acceptable only if we may assume that the geostrophic wind for straight 
isobais IS a real equivalent of the actual flow of air undisturbed by surface 
effects and local eddies 

With the newer tube-anemometers of the Dines type the position is con- 
siderably improved The vane is generally exposed on a slender mast forty feet 
above the ground and can be set up in an open situation with only a small hut 
at Its base, so that the whole structure offers very little cause for interference 
with the wind In that case it is only the ground and the irregulaiities of the 
relief of the region which produce disturbing eddies , but even these effects are 
at present unknown in detail, nor is it possible to suppose that any simple 
relation can exist which will make the records of anemometers at different 
places strictly comparable and afford a satisfactory standard of reference 
Allowance must be made for differences in height and the variation of wind 
with height IS not only very large but it is in itself an extraordinarily compli- 
cated Question A great deal of light has recently been thrown upon it by 
G I Taylor’s investigations of eddy-motion m the atmosphere The theory^ 
confirms what has all along been dimly foreshadowed by observation, that the 
variation of wind with height depends upon the locality and the nature of the 
surroundings it is different for sea and for land, for a town and for the open 
country, and so on it also depends upon the undisturbed velocity of the wind 
m the upper air, upon the surface temperature of the ground, and hence upon 
the time of day and the season of the year For the purpose of his investigations 
Taylor relies upon the geostrophic wind as representing the undisturbed wind 
in the upper air and no other standard of reference seems possible Here we 
may also note that in certain circumstances the wind at or near the surface may 
show virtual independence of the general distribution of pressure m conse- 
quence of the direct effect of the gravitation of cold air down the slopes of 
hills at night, a form of wind which in Part i we have called katabatic, and 
equally in the daytime air-currents near the surface may represent the levita- 
tion due to the warming of slopes in the sun which gives rise to winds which 
we have called anabatic, and which are illustrated by the familiar phenomena 
of land and sea breezes 

Hence it will be seen that a measure of wind by estimate or by anemometer 
near the surface is subject to so many local influences and other possibilities 
of discrepancy that it is not practicable to build upon it any reasonable picture 
of the structure of the atmospheie It offers us a number of problems which 
we may seek to explain by tracing the effect of local causes upon the upper 
wind that really belongs to the structure of the atmosphere 

^ 'Phenomena connected with Turbulence m the Lower Atmospliere ,’ Roy Soc A, 
vol xciv, p 137, 1918 
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CHAPTER II 


The relation between the surface-wind and the geostrophic wind 
at sea level Geostrophic wind-roses 

Until the question is examined in its various aspects, some of which have been 
referred to in the preceding chapter, the relation between the surface-wind 
and the gradient-wind for sea level seems a simple question It used to be 
treated simply as a question of determining the relation between wind-force 
and the gradient or the separation of the isobars, which, for the geostrophic 
wind, IS inversely proportional to the wind-velocity It was on those lines that 
values were obtained in 1882 for the average relation of the wind at Kew 
Observatory to the barometric gradient^. Subsequently the relation of the 
surface-wind to the geostrophic wind as watched from day to day in the study 
of weather-maps was formed into a sort of working rule that the current of air 
of the upper regions lost one-third of its velocity over the sea, and two-thirds 
over the land , so that, for the same distribution of pressure, the wind recorded 
in open inland country would have one-half of the velocity appropriate to the 
same distribution at sea, a conclusion which was exemplified by an occasion 
when parallel isobars from the West-South-West covered the whole country 
and gave force 8 at the exposed stations on the Western coasts and foice 5 at 
the stations inland and on the Eastern coasts Naturally the coast stations if 
they are on a well-exposed flat shore belong to the regime of the sea, for off-sea 
winds, and to the inland for off-shore winds 

As a rough working rule this is still a useful form of note to carry in the 
memory, but in the critical examination of the question of the relation of the 
observed wind to the geostrophic wind at sea level no such simple generalisa- 
tion can be allowed 

The mere consideration of the diurnal variation of wind-velocity as shown 
by the anemometers at the observatories is sufficient to make it clear that no 
single number can express the relation of the observed wind to the geostrophic 
wind for any locality A marked diurnal variation of wind-velocity is shown m 
all the hourly normals of wmd-velocity even in winter and still more in sum- 
mer There is, on the other hand, no observational evidence for the existence 
of a diurnal variation of barometric gradient , and we therefore assume that 
for the average of a large number of observations the surface-winds of the day- 
hours and night-hours may be referred to the same geostrophic wind^ The 

^ G M Whipple, Q J Roy Met Soc , vol viii, p 198, 1882 

2 The differences of corresponding hourly values between Richmond (K O ) and Aberdeen 
or between Richmond (K O ) and Cahirciveen show that there is no appreciable diurnal 
variation in the general gradient for the westerly component or the southerly component of 
the winds, but it should not be forgotten that there may be a local gradient on crossing a 
coast line due to the difference in the regime of temperature distribution in the vertical over 
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hourly values of wind- velocity are available in tabular form for the four obser- 
vatories, Aberdeen, Cahirciveen (Valencia Observatory), Falmouth, and Rich- 
mond (Kew Observatory), since 1868 and for Eskdalemuir since 19 ii The 
average factor of relationship between the observed wind and the geostrophic 
wind at different times of the day in different seasons of the year will vary to 
the same extent as the average values of the observed wind- velocities as set out 
in the following table 

Table I 



January 

July 

Observatory 

Mini- 

mum 

wind 

Hour 

Maxi- 

mum 

wind 

Hour 

Mini- 

mum 

wind 

Hour 

Maxi- 

mum 

wind 

Hour 

Aberdeen 
Cahirciveen 
Falmouth 
Richmond 
(K O) 
Eskdalemuir 
Eiffel Tower 
(304 m ) 

m/s 

44 

6 3 

49 

3 3 

5 I 

8 8 

4 

4-6 

6-8 

1-4 

7 

14 

m/s 

49 

72 

6 0 

43 

65 

10*8 

13-14 

14 

13 

12-14 

12 

23 

t 

m/s 

24 

36 

2 9 

1 8 

2 7 

5 4 

3 - 5 

5 

4 - 5 
3-5 

4 

9 

m/s 

4 3 

58 

5 0 

42 

5 6 

90 

13- 14 

14- 15 

14 

14 

14 

24 

1 


It should be noted that these figures are averages there are days when the 
diurnal variation of the wind is obliterated by conditions of weather and there 
must also be days in which it is much more marked than the average, and m 
consequence the factor of relation of surface- wind to geostrophic wind will 
certainly have a wider range than that shown in the table When the averages 
are expressed as fractions of the geostrophic wind there will obviously be large 
variations depending upon the time of day and the season of the year for which 
comparisons are made For the British observatories the lowest values will be 
obtained for the night or the early hours of the morning and the highest with 
almost unammous concurrence at 14 h, two hours after Greenwich noon 
For the Eiffel Tower, for which corresponding values are also included in the 
table, the opposite is the case 

The diurnal variation of the velocity of the wind was explained by Espy ^ 
and Koppen^ as due to the effect of the temperature of the surface upon the 

the land as compared with that over the sea for which no measurements are available An 
example of a strong local wind attributable to the coastal gradient is cited in Barometnc 
gradient and wind-force, M O 190, p 9 E L Hawke has also shown that there is a small 
difference of pressure at 7 a m between the average of mean values of inland stations and 
coast stations in England in the same belt of latitude which may be attributed to the 
dynamical effect of the land upon the flow of air from the westward The possibility of 
local coastal gradients deserves further investigation The tendency of winds to set along 
the coast line is a phenomenon which has often been remarked upon in the course of the 
manne work at the Meteorological Oifice 

1 Philosophy of Storms, p xiv, B A Report, 1840, p 345 

* Met Zeitschr , vol xiv, 1879, p 333 
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EFFECT OF TEMPERATURE OF THE SURFACE 

mixing of the surface layers of the air with the upper layers whereby the lower 
layeis acquire momentum at the expense of the upper layers and the qualita- 
tive explanation thus provided has been put into a dynamical form which 
allows of a quantitative estimate ot the effect by G I Taylor in the paper 
referred to m note i , p 7 The results will be considered later Here we need 
only call attention again to the fact that the ratio of the surface-wind to the 
geostrophic wind is dependent upon the diurnal and seasonal change of tem- 
perature of the surface of the ground The actual cause of the diurnal variation 
of the wind is the temperature of the ground which undergoes a periodic 
change with this general physical result, that colder ground means less surface- 
wind and therefore a smaller fraction of the geostrophic wind, while warmer 
ground means more surface- wind and therefore a greater fraction of the geo- 
strophic wind The rule must be universal and is not simply applicable to the 
case of diurnal variation Wherever there is a cold surface over which warmer 
air IS passing the cooling of the air by the ground will reduce the factor WjG 
and conversely the w'armmg of the air by the ground will increase the factor 
We may pursue this line of thought a little further. As long as there is a 
diurnal variation of wind-velocity without a corresponding variation of gra- 
dient we cannot expect agreement between W and G, that is WjG will not 
become unity, and therefore if we wish to find a legion where the wind- 
velocity will agree with the geostrophic wind we must seek a region where 
there is no diurnal variation of wind without a corresponding change of gradient 
It la possible that such a region may be found somewhere in the uppei air 
We have, at present, no satisfactory statistics of the diurnal variation of 
wind-velocity at high levels in the atmosphere except for observatories at high 
levels on mountains, the sites of which are themselves subject to diurnal varia- 
tion of temperature The number of observations of pilot-balloons is perhaps 
now numerous enough to supply in some degree the required information but 
it is not yet reduced to manageable form The best observations for the pur- 
pose are those from the Eiffel '^Fower summarised by A Angot, Director of the 
Bureau Central M<it^orologique de France^, The results which are included 
in Table I are taken from that summary. They show a diurnal range of wind- 
velocity with a maximum in the night and a minimum in the day. The nightly 
maximum is common to all high-level observatories and is already noticeable 
for light winds though not for strong winds on the anemometer at Potsdam at 
a height of only 41 metres. It is also indicated at a height of 16 metres in the 
observations of I lellmann over flat meadow land near Nauen^ 

l"he minimum of velocity m the upper air m the day corresponding with a 
maximum of the surface velocity may be attributed to the effect of the eddy- 
motion which, as explained by TaJ'lor {loc cit* note i, p 7)) process 

indicated in the explanation of the diurnal variation of wind-velocity at ^e 
surface, and we may suppose that the minimum of the winds on the Eiffel 

i * Etudes sur U Climat de U France, Regime des Vents/ MSmomi* du B. C M., 1907 ^ 
® HeUmann, ‘ Ueber die Bewegung dei Luftin den nntersten Scbicbten der Atmospnare, 

M Z , January, 1915 
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Tower is due to the dilution of the current by the action of eddy-motion which 
mixes It with air of less momentum from below In the night-hours there is at 
any rate less dilution and at the level of the top of the tower, 305 m above the 
ground, probably no dilution at all, so that we may regard the wind at that 
level (about 1000 ft ) as directly comparable with the geostrophic wind at the 
same level if we knew it And, if that be so, then it is clear that in the day-hours 
t e win at 305 m over Pans is less than the geostrophic wind and is indeed 
on the average only about 80 per cent of the geostrophic wind at 14 h in 
anuary, and only 60 per cent at 9 h in July It cannot on the average exceed 
these percentages at the hours named because we have regarded the night 
values as giving the full equivalent of the gradient Thus a rise of 1000 feet 
oes not take us above the reach of surface disturbance in the daytime in a 
Meanwhile we have a note in the Meteorological Office ^ 
P ® ^ Wing in 1915 found by observations on towers of open work at 
iiallybunion, Co Kerry, that the average velocity of the wind at 500 ft was 
90 per cent of the geostrophic wind at sea level, whereas at 15 ft the wind was 
02 per cent of the same We have no record of the hours of the day or the 
precise dates when the observations were taken, but considenng the relative 
positions the results are not far out of line with the results foi Pans 

o far we have drawn no distinction between the various orientations of 
the isobars and the wmd-directions, but these clearly give another element of 
variation in the relation of the observed wind to the geostrophic wind at the 
wl ^*1? must enter into the consideration of individual observations 

Whether or not there be any difference in the ratio from purely meteorological 
causes such as the increase of gravity for air moving westward as compared 
with that moving eastward there is certainly a difference due to the peculiarities 
of exposure m relation to surrounding buildings, trees, etc , and to the general 
relief of the district ® 


The relation of the surface-wind W to the geostrophic wind G for different 
orientations has been examined for a number of localities 

For Fdmouth and the neighbouring Pendennis Castle 2, for Pyrton Hill 
and bouthport®, for Dungeness, Jersey, Holyhead and London (Brixton and 
Westminster)*, and recently figures have been obtained, for eight years of 
observations (1908-1915) at 7 a m , for fourteen of the telegraphic reporting 
stations of the Meteorological Office The comparisons have been made in the 
tarst two sets for a miscellaneous assortment of wind-forces but in the others for 
M ected wind-forces Two stations. Holyhead and Dungeness, appear in Mr 
airgrieve s selection as well as in the larger group of fourteen included m the 
inquiry at the Meteorological Office and it will be noted that the average per- 
centage of the geostrophic wind is different for both stations, for Holyhead 

4« per cent as against 59 per cent , and for Dungeness, 52 per cent as against 
^ M O Circular, No 5 r s, 

^ Sliaw, Forecasting Weather (Constable and Co ), p 48 

‘ J Committee for Aeronautics 

-♦-■k "K ^ relation between tbe velocity of the gradient wind and tbnf nf 

the observed ivind at certain M O stations.' M 0 Geophysical No 9 
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58 per cent The observations are for different groups of years and the differ- 
ences may perhaps be attributed to changes of observers at the stations With 
few exceptions the same kind of difference for different orientations is dis- 
played in both sets of results The results for these various investigations are 
given in Table II , p 20 At some of the stations an anemometer is m operation 
which has been used either directly or indirectly m the estimations of the 
velocity of the wind In these cases the height of the vane of the anemometer 
is given in a special column of the table In the other cases, indicated by the 
letter B m the same column, the velocities of the wind have been deiived from 
estimates in the Beaufort scale converted into velocities by the table given 
in the Introduction 

The hour of observation, 7 a m , is selected because for that hour the most 
complete map is available for the determination of the gradient, a dominant 
consideration , but a reference to the table of diurnal variation of wind shows 
that it IS not a good hour if the observations of all months are to be combined 
Seven o’clock is before sunrise in the extreme winter months and some houis 
after sunrise in the extreme summer months The average for that houi there- 
fore gives a composite result which will ultimately require further analysis 
It cannot give either the maximum or minimum value, but allowing for one 
hour’s lag m the temperature it may give a serviceable approximation to the 
mean value for the whole year 

The figures which are given in Table II make no reference to the deviation 
of the direction of the wind from the run of the isobars On Taylor’s theory 
the deviation is related numerically to the ratio WJG The deviation is given m 
the original results for Southport and Pyrton Hill and also for the fourteen 
stations of the Meteorological Office The figures for Pyrton Hill and South- 
port are given with the diagrams referred to below which illustiate the results 
for those stations 

The general meaning of the figures which are given in Table II can be 
most easily conveyed by plotting those for each station on a diagram in which 
the velocity of the geostrophic wind is set out as a circle, the radii of which 
show the orientation of the geostiophic wind The percentage which the sur- 
face-wind for each onentation bears to the geostrophic wind is indicated by a 
line from the centre to a point within the circle If the point is properly placed 
the deviation of the surface-wind from the direction of the isobar can also be 
indicated A diagram of this kind may be called a geostrophic wind-rose Two 
examples by J S Dines representing the relation of the wind to the gradient 
at Pyrton Hill and Southport, figs i and 2, are taken from the Fourth Report 
on Wind Structure already referred to The direction and the velocity (as a 
percentage of the geostrophic wind) are indicated by the dotted lines, the 
extreme points of which are connected with the geostrophic winds, with which 
they correspond, by lines which represent the vector-differences of the two 
The diagrams are necessarily somewhat complicated because so many 
Items have to be expressed A simpler form of geostrophic wind-rose showing 
only the ratio of WjG without any indication of the deviation of direction is 
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Fig I Comparison of Geostrophic and Surface-Winds at Pyrion Hill 

Mean surface wind-velocity =- 42 6 pei cent of geostrophic. 

Mean deviation of surface from geostrophic wind 32" 
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Fig 2 Comparison of Geostrophic and Surface-Winds at Southport 


Mean surface wind- velocity = 516 per cent of geostrophic 
Mean deMation of surface fiom geostiophic wind = 44° 
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passed at Southport for the nine orientations S E to N W , a line which is 
approximately transverse to the coast line at Southport The results point to 
a refraction of the isobars in crossing the coast which is most pronounced with 
winds along the coast from sea inwards (See chapter vili ) 


i6 
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used for representing the results for Falmouth and Pcmlennis C’astle in the 
work referred to and also by J Fairgrieve in his Report In these cases a con- 
tinuous line is drawn connecting the points representing the percent.igc of the 
geostrophic wind for the several orientations of the geostrophic wind which 

shows at once the comparative values of the relation for the orientations of the 
site. 

In the work on the rest of the stations included in the table endeavour has 
been made to present all the facts to the reader by giving the percentage of the 
geostrophic wind for different orientations in the form of a continuous line 
drawn within a circle representing the geostrophic wmti and sui rounding a 
reprpduction on a reduced scale of a circular portion of the ordnance mail of 
the district on the scale of four miles to an inch, which gives the readei •in idea of 
the features of the geographical relief of the land in the immediate neighbour- 
hood of the observing stations. Information as to the deviation of the surface- 
wind from the geostrophic wind is given in the form of columns lepresenting 
percentage frequencies of deviations of given amount arranged in gioups for 
steps of two points, on either side of a middle group embracing four points 
namely two points of veer and two of back. 'Phe percentage number of cases’ 
in this central group is indicated by the length of a pin-shapctl mark on the 
scale of one inch of length (shown by the distance between two consecutive 
circles in the figure) to 50 per cent. 'I'he percentage frequency of the other 
groups IS shown on the same scale by the length of the respective columns, the 
shaded columns indicating the surface-winds which are backed from the tfeo- 
strophic wind and the unshaded columns those which are veered. 'I'he com- 
bination of a veer and back of two points within the central group may be held 
to give an artificial prominence to that group, but the classification m these 
cases with estimated winds is not very precise and the veering of the surface- 
wind from the geostrophic wind can only be looked upon as due to some local 
peculiarity in the determination of the wind. Hence the portion of the diagram 
on the right-hand side of the central pm may be regarded mainly as an indica- 
tion of the peculiaiity of the site in that respect. In these fiequency diagiams 
winds of all forces are included. ^ ^ ‘gouus 

relation of the velocity to the geostrophic wind, for surface- 
wind estimated as force 4, is given by a dotted line and the corrc*spomiing 

in ^able II) by a full line. The diagrams for Holyhead and Yarmouth are le- 
produced here Regarding for the moment the results for force 4 the former 

nd the winds from the open sea m the opposite cpiarter. At Yarmouth the 
tST ‘he results but in this ca.se it is the 

^ colued w* T'^ T* » <!>« Rradifnt 

j^compared with the winds in the Western quadrants which come over- 
The results for force 6 are rather disturbing At Holyhead, contrary to 
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[G 3 Relation between Geostrophic and Observed Surface-Winds 

AT Holyhead 








/ 


The outer circle represents 100 per cent ol the goosliophic wind, and the innei ciiclc 

COIX*t 

For the explanation of the columns representing the deviation of the direction fiom the 

^^^^he^MUme represents the ratio W/G for winds of foice 6 on the Beaufort Scale, the 
dotted line the ratio for winds of force 4 
Radius of Map = 4 miles 
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Fig. 4 Relation between Geostrophic and Observed Surface-Winds 

AT Great Yarmouth 



50 Jr®cent “ represents loo per cent of the geostrophic wind, and the inner circle 

representing the deviation of the direction from the 
f-ce 6 on the Beaufort scale, the 

Radius of Map = 4 miles 
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expectation with a single exception, they show a greater percentage of the 
gradient than those of force 4 At Yarmouth the excess is less marked though 
It exists for many directions There aie not sufficient examples of force 6 at 
Holyhead to complete the circle and the numbers of observations for other 
orientations are not enough for a satisfactory conclusion, but when the 
diagrams for the other stations aie examined there is more unanimity of 
opinion in favour of a higher percentage with force 6 than with force 4 than 
can be explained by lack of observations The explanation probably lies m 
a tendency on the part of the observers to over-estimate the stronger winds 
and this explanation seems also to explain the high estimate of wind from 
the N N W at Holyhead which goes actually beyond the equivalent of the 
gradient 

We have already pointed out that in dealing with the 1 elation of surface- 
wind to the gradient we have to rely upon inadequate measurements for lack 
of better As the material of observation improves by the introduction of suit- 
ably exposed anemometers and in other ways it will become possible to revise 
the ciude results which at present are all that we have to offer Even at the 
worst we are better off than our colleagues who have to deal with the winds m 
the interior of continents, for which the distribution of pressure as plotted on 
the map refers to a hypothetical region at sea level far below the position 
where the observations of wind are made 

In general with regard to the relation between the surface-wind and the 
gradient ovei the land we may conclude from the considerations set out in this 
chapter that there is no giound for surprise if, on any occasion, the surface- 
wind when expressed as a fraction of the geostrophic wind be found to range 
a long way from unity and large divergence m direction is equally possible 
while the upper wind still keeps within the fiist law of atmospheiic motion 
The effect of fiiction makes no piovision for surface-wind velocities in excess 
of the geostrophic wind The suggestion may be put forward that the only cases 
of the kind that occur are those in which the katabatic effect adds to the 
velocity of the suiface-wmd by a gravitational flow in the direction of the 
isobar, and this possibility should be boine m mind because it may prove to 
be an explanation of certain local winds of considerable violence such as the 
bora of the Adriatic, the violent winds in the fiords of Norway and Iceland 
which may be noticed sometimes in the charts of the Daily Weather Report; 
also the winds on the East and West coasts of Greenland^ and the extremely 
violent gales experienced on the shores of the Antarctic by the expedition 
under Sir Douglas Mawson^ 

1 W H Hobbs, *The Role of the Glacial Anticyclone in the Air Ciiculation of the 
Globe/ Pyoc Amer PHI Soc , vol iiv, No 218, 1015 

Sir Douglas Mawson, D Sc , B E , The Home of the Blizzard, chap vii Heinemann, 1915 

Note A recent discussion of the diurnal variation of the wind in altitude (a ininimuni 
in the day with backing and a maximum in the night with veering) is given by G Reboul in 
Comptes Pendus, vol clxvi, p 295, 1918 


Table II The Relation of Surface-Wind to Geostrophic Wind for a Number of Stations in the British Isles 

The Values of WjG expressed as the Percentage ratio of the Surface- Wind to the Geostrophic Wind for i6 points of the compass 
The highest percentage ratio for each station is indicated by the symbol ( ) the lowest by (-). 
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CHAPTER III 


The relation oj the mrface-wind to the gradient over the sea 


'I'llI' available observations at sea aic exclusively estimates according to the 
Beauioil scale and very tew diiect comparisons have been made between the 
wind and the coitesponding giadient 'rire best piospective material for the 
pin pose IS pel haps tliat contained in two of the publications of the Meteoro- 
logical Office, namely, the Kynchionous Weather Chaits of the Noith Atlantic 
and adjacent continents, ist August, 1882, to 3id Septembei, 1883, which 
weie published in iHHb, and the Synchronous Chaits of the Noith Atlantic 
illustiating the stoimy perioil oi the wintci of 1898-99 which wcie published 
in 1900 but aie now out of ju int' An inspection of these charts, as of any other 
aynchionous chaits of any pait of the ocean, confirms the view that close 
isobars aie accompanied by stiong winds, but so far as is known no direct 
compaiison has been made between the numeiical values of the wind-velocity 
and the gradient It should be noticed that m these chaits, as in all the chaits 
issued by the Office befoie icjtr.the values of the piessuie aie not corrected 
for the vaiiation of latitude; but this makes little difference for the middle 
latitudes of the North Atlantic, which offer the best examples foi compaiison, 
because they aie not far fiont the datum latitude of 45° 

'I'lic maps of the regions of the Bi itish Isles which aie included in the Daily 
Weather Rcpoit and tiom which geostrophic winds for ceitain regions are 
regularly computed do not afford a satisfactory measure of the gradient over 
the sea on the West, because the isobais cannot be earned beyond the Western 
shores. I'he land-locked seas, the Noith Sea, the Irish Sea and the English 
Channel can be hi idged by isobars diawn accoiding to the piessures on either 
side. In those cases howevei the span of the bridge is rather long and observa- 
tions fiom those seas aie comparatively rare A series of such obseivations for 
the North Sea has, however, recently become available They are made accord- 
ing to ships’ time in accordance with the rules for observations at sea and con- 
sequently refer to Ham, noon, 4 p.m. and so on, whereas the maps to which 
they must be lefcired arc for 7 h 01 13 h or 18 h Hence the comparison is at 
the licst somewhat vague Accordingly in dealing with the compaiison of 
observations with computed gradients the method of fiequencies has been 
employed and the mode or group oi maximum frequency has been taken as 
giving the moat piobable value of the relation of surface-wind to gradient. 

In the examination of the comparison at the Meteorological Office" the 
winds of different sticngth have been considered separately, light winds with 


« rh« uiitih,,du.n ..f I).«ly SyiK hrt.n..us t luuis o£ the Atlantic was bej^n by Captain 
Hdffmcytir, Duw (01 of the lUiimli Mctcoiologu al Institute, in 1873 and has been continued 
by that Institute in lo operation with the Deutsche Seewaite, Hamburg 

tht Ilvdroqrapher, M O No -1077. 
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geostrophic velocity below 8 5 m/s, moderate and strong— with geostrophic 
velocity between 8 5 m/s and 18 m/s^ — and very strong when the geostrophic 
velocity exceeded 18 m/s The observations have also been grouped separately 
for direction and velocity For direction the groups have been made according 
to the number of points’ hn the veer of the geostrophic wind from the surface- 
wind, a point being i ij® , and for velocity according to the ratio of the surface- 
wind to the geostrophic wind, the limits selected for the ratios being 24 to 
36, 36 to 48, 48 to 60, 60 to 72, 72 to 84, 84 to 96 and 96 to i 08, so that 

themean values for each group range approximately. about 3, 4, 55, 65, 8, 

9 and I The winds for the different quadrants have also been dealt with 
separately The results for the moderate and strong winds are given in the 
following table 


Relation of surface- wind to the geostrophic wind (between 
8 5 m/s AND 18 m/s) over the North Sea 

A Direction Percentage frequency of points in the veer of the geostrophic 
wind from the surface~wind 

-4 -3 “2 -I o 4-1 +2 +3+4+5 +6 +7 
% 7 o % % % % % % % % 0/^ 0/^ 

° ^ 2 21 32 33 14 I O O O (104) 

O 2 4 O 23 30 19 14 7 2 2 O (103) 

2 2 2 2 16 29 16 19 9 I I o (99) 

0 2 2 0 2 31 27 22 3033 (95) 


Deviation in points 

NW quadrant 

SW 

SE 


Velocity Percentage frequency of the ratios of surface-wind to geostrophic 
wind within assigned limits 


Limits of ratio 

NW quadrant 

SW 

SE 

NE 

Note The < 


24-36 

I 

8 

13 

9 


36-48 

5 

16 

19 

20 


16 

34 

26 

9 


60 60- 72 

1 

00 

CO 

( 

96 96-1 08 


38 

29 10 

0 

(99) 

29 

12 2 

I 

(102) 

18 

18 2 

4 

(100) 

• 29 

20 6 

9 

(102) 

1 numbers in each row and 

100 arise from the 


type 


In considering these results we have to remember the limitations of the 
companson, the difference of the time of observation, the liability to error in 
the estimation of the direction and force of the wind at sea, the uncertainty in 
the determination of the local gradient and the absence of any allowance for 
the curvature of the isobar To these causes we may attribute the great width 
of the range of the relation both in direction and velocity We may remark that 
we are prepared to accept positive deviation from the isobars up to 8 points 
or 90 but we have no reason to give for negative values of the deviation of the 
geostrophic wind from the surface-wind and further inquiry is needed before 
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a definite opinion can be formed of their reality Nor can we, at present, give 
any satisfactory reason for surface-winds which are estimated to be of the full 
velocity of the geostrophic wind or beyond it, of which the Easterly quadrants 
seem to afford a substantial number of examples We find everywhere a ten- 
dency for observers to form high estimates of winds in the North East qua r^t, 
so the occurrence of higher estimates in that quadrant is not surprising, ut 
there is not sufficient material to form a satisfactory opinion as to *6 true 
meaning of that experience We know that the force of gravity upon any body 
moving Westward is greater than that upon the same body moving Eastward 
because the centrifugal effect due to the rotation of the earth is diminished 
in the one case and increased in the other, but the difference is ar y arge 
enough to show in a rough investigation of this kind 

But taking the figures in the table as we find them we may note t at or 
the winds m the North West quadrant the frequencies group themselves with 
a fair approach to symmetry round a mode of about 67 of the geostrophic 
wind for velocity, with a veer of about i| points or say 18°, and a similar 
statement holds for the winds m the South West quadrant with^a mode of 
about 55 of the geostrophic wind and a veer of one point or ii No such 
approach to symmetry of arrangement is shown for the two Eastern quadrants 
The winds in the North East quadrant show two distinct modes with ratios 
of about 4 and 7 and perhaps a third about unity, and the deviations are 
divided between one point, two points and three points Those in the South 
East quadrant show a mode with a ratio of about 55 with the definite sugges- 
tion of another at 8 and a hint of a third about unity, while in the table for 
direction there are modes at one point (ii°) and three points (35 ) 

There is not enough material here upon which to found a theory but it is 
not out of place to remaik that the conclusions which the tables suggest are 
what we might fairly expect from the considerations which have been set out 
in our discussion of the influence of surface-tempeiature upon the relation ot 
the wind to the gradient over the land We have seen that when the surface 
is relatively cold and is therefore absorbing heat from the air which passes 
over It, as in the night-hours, the ratio of the suiface-wind to the geostrophic 
wind IS diminished, whereas, on the contrary, when the surface is relatively 
waim and is therefore supplying heat to the air which is passing over it, as in 
the day-hours, the ratio of the suiface-wmd to the geostrophic wind is in- 
creased In the open sea there is no appreciable diurnal vaiiation of tempera- 
ture of the water which forms the surface and consequently no diurnal 
variation in the relation of the wind to the gradient, but instead of that we 
have more or less permanent differences of temperature between the water 
surface and the body of air which flows over it which must have their effect 
upon the relation of the surface- wind to the geostrophic wind u c i 

Looking at the distribution of isotherms of the water in the North bea 
we may conclude as a general rule that winds in the N W quadrant generally 
pass from colder to warmer water and winds in the S W quadrant from 

1 The Weathey of the Bnhsh Coasts, U O Publication 230, chap xii 1918 
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wai mei to colder water, and hence the winds at the Not th West quach ant ouKht 
to appioach the geosliophic wind more nearly than the winds of the South 
West quadi ant This may account for the diflci ence of the mode of hy of the 
geostiophic wind lor the Noith West and -55 foi the South West ciuadranth, 
though the diflerence between the deviations fioni the isohais being 18" foi 
the North West and u" foi the South West would still leipiire explanation 

'The same ideas give some clue to the appaiently enatic behavioui of the 
winds in the Eastern quadi ants Winds coining fioin tlu' North East have als<i 
to pass ovei the watci with its vaiiations of tempeiatuie, as likewise have the 
winds which come fiom the South IDast, but the great land aiea of the globe 
lies immediately to the East and South East of the North Sea and the tenipeia- 
ture of the body of an which passes ovei the Noith Sea from the Eastward is 
controlled by the land, whereas the body of aii which comes fiom the West- 
ward IS veiy little affected by the land if its couise is from the Noith West, and 
even if it comes from the South West it is not so much affected as that which 
comes fiom Eastein quartern 

The vicissitudes of the latter are known fiom the experiences of out 
climate to be extremely varied From the East we get the hot spells of summer 
and the cold spells of winter and in all continental countries theie is a great 
range of temperature between day and night. 'Fhesc vicissitudes will have left 
then mark on the air that is launched fiom the Eastern shores of the Noith 
Rea, and hence the lelation of the tempcratui e of the air lo the temperature 
of the sea over which it passes will vary on diffcient occasions between the 
extremes of much warmer and much coldet . 'Phe relation to the gradient will 
theicfoic naturally show, accoiding to the occasion, the one or the other of the 
modes which we have recognised for the winds from the North and the vRouth 
in the Western quadrants 

Thuswe cannot look for complete simplicity of relation of the surface-wind 
to the giadient even over the sea though in the open ocean the causes of 
variation may be greatly simplified because the regime of the temperature is 
free from the complications which affect our land-locked seas 

To complete the information which has been derived from the observa- 
tions of wind and gradient over the North Rea we may add some notes on the 
more detailed tables in which the winds of different strengths are treateii 
separately. They are as follows- In the case of the North West quadrant the 
winds are at a veer of one or two points and for velocity uniformly m the gi oup 
about 65. For the South West quadrant the groups of different strength all 
show a veer of one point; as regards velocity the lighter winds have a mode 
about *65 and the stronger about -55, there is one secondary mode for moderate 
winds about *4. 

In the South East quadrant the veer is mostly one point, but for strong 
winds there is a secondary mode at three points; for velocity there are many 
secondary modes which in three instances are at two groups apart. In the 
North East quadrant, for direction the veer increases with the velocity of the 
wind, for velocity the distribution of the modes is very irregular. 
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These notes show some suggestion of a closer agreement between the 
surface-wind and the geostrophic winds with lower velocities as the theory to 
be discussed latei would indicate, but more material is needed before a satis- 
factory opinion can be formed An apology is indeed owed to the reader tor 
dealing with so important a subject as the relation of suiface-wind to gradien 
over the sea in so inadequate a manner, but the importance of the subject is 
Itself the excuse for making what use is possible ot the material that is at han 
in the hope that more may be forthcoming 


CHAPTER IV 


The vernation of wind with height in the suiface layers 

By way of giving a practical basis to the ideas which we piopose to develop m 
this chapter let us set ourselves to face the question “Is it possible, fiom a 
measure of the wind-velocity by a fixed anemometer or by an instiument held 
m the hand, or from an estimate on the Beaufoit scale on land oi sea to 
obtain working measures of the wind-velocity m the layeis immediately above 

the observer and if so, up to what heights may the calculation be extended 
with reasonable accuracy?” <-v,ic,iiueu 

of tfie question we may recall the conclusion 
drawn in the Introduction from W H Dines’s table of correlation between 

thaT.T.n' temperature in the upper air, namely, 

vear thf kilometres to nine kilometies in all seasons of the 

vei4 "1? between the deviations of pressuie and temperature is 

75 and always positive, wheieas at the level of 
two kilometres the correlation though still equally high for the winter half- 
year, from Oijober to March, is only of the older of 5 for the summei half- 
h!lf V? kilometre it is of the order of 5 for the winter 

frreL w Zri attribute the inter- 

motZrth correlation, in part at least, to the turbulence of the 

whiTtr ^ caused by the friction with the land or water over 

which the air passes The effect of the turbulence, which causes mixture of the 
layers above with those beneath, diffuses upwards at all seasons of the year but 
especially in the summer half when the dynamical effect is exaggerated by 
he transference of heat from the ground to the air in contact wfth t The 
region indicated by the expression “the surface layeis” may th re fore be 
regarded roughly as having a thickness between one and two kifometres m the 

ADOve these levels we may contemplate a separate r^eime of winH« m 
^eated provismnally as independent of the tuVenceTue to Ae surfact 

be surprised to find the ^ fl ^ summer, so that we must not 

fr, enl: the influence extending to a kilometre or more 

lowL layers orS T """T " t6gime of winds in the 

turbed W an? order would be to start from the undis- 
formulawhich d he ^ ^ surfrice-wind to be connected therewith by a 

with height It IS ffl, represented by a diagram showing the relation of wind 
with height It IS fair to assume that in such a diagram the wind would have 
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its least velocity at the surface and increase upwards until it reached the un- 
disturbed wind, if the undisturbed wind be assumed to be the geostrophic 
wind for its own level, further changes at higher levels would correspond with 
changes in the geostrophic wind at successive levels and such changes, 
depending on the gradual change in the giadient due to the distribution 
of density of the air at successive levels, would necessarily be very gradual 
except in extraordinary meteorological ciicumstances 

We have already seen that for the same undisturbed or geostrophic wind 
in the upper levels the corresponding surface-wind will certainly have different 
values for different times of the day, for different seasons of the year, for 
different localities in respect of geogiaphical relief, and for different azimums , 
consequently a series of curves will be required to connect the undisturbed 
wind with the surface-wind The portions of the curves which we can plot 
from observations in the lowest layers are the tail-ends of curves the special 
forms of which are dependent upon the particular conditions of the time It is 
practically hopeless to suppose that any general formula can be devised to be 
applied in all cases to give the variation from the surface up to the undisturbed 
wind and consequently the approach to the solution of the question by de- 
fining empirically the relation of the suiface-wind to the wind in the successive 
layers immediately above the surface must necessarily consist of the numerical 
equivalents of a series of diagrams which cannot be immediately coordinated 
The question is further complicated by the variations in the direction of 
the wind at different levels which are associated with the observed changes 
m velocity On the general principle that the retardation of any layer of moving 
air destroys the power of that layer to maintain its balance with the distribu- 
tion of pressure it is clear that the retarded layers of an near the surface will be 
deviated from the path of the undisturbed current above them by yielding to 
the pressure-gradient which their velocity cannot balance and rearranging 
themselves with a component of motion towards the side of lower pressure 
which will be greater the greater the departure of the velocity from the measure 
required for balance In ordinary circumstances there is a deviation of some 
20° to 30° between the direction of the surface-wind and that of the geostio- 
phic wind, or that of the lower clouds which is generally m close agreement 
with the line of the isobars, but in this matter again the results are dependent 
upon meteorological and local conditions and in some cases the deviation of 
the surface-wind from the line of the isobars is much greater^ 

We must look to some general theory, if we can find one, to give us the clue 
to the coordination of all these variations, and m the meantime we will place 
on record the results of observation as a basis and test of future theory For 
the present we will confine our consideration to the variations of speed of the 
wind with height We should be glad to begin with the variations of wind near 
the surface of" the sea but the only direct observations that we can recall are 


1 J S Dines, Fourth Report on W%nd Structure, Advisory Committee for Aeronautics 
Report No 92 , p 19 , 19^3 
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those of G I Taylor^ on the Scotia, who found a very irregular ratio of the 
velocity at 70 ft (21 5 m ) to that at 45 ft (13 7 m ) with a probable mean of 
1*07 which IS m close agreement with the scale for anemometers up to 30 
metres quoted below 

It IS usual to express the variation of wind-velocity at different levels as a 
fraction of the value at one of the levels Thus the Meteorological Office ^ 
gives the following for the wind at various heights above open grass-land up 
to 30 metres as a fraction of the velocity at 10 metres which is taken as 
representing the normal height and exposuie of the vane of a tube-anemo- 
meter. 


Height in metres 05123 4 5 10 15 20 25 30 

Ratio of velocity of wind 

to that at 10 m 50 59 73 80 85 89 i 00 1 07 1 13 i 17 i 20 

And for the layers quite close to the ground observations by G I Taylor and 
C J P Cave not yet published gave the following result 


Ratio of velocity 
to the velocity 


at 6 ft 


over grass i in -6 in high 

over short cropped grass 2 J in high 

over pond with small waves 


Height in feet 


T 25 

4 

6 

65 

86 

I 00 

71 

87 

I 00 

82 

90 

I 00 


The ratio of decrease appears to be independent of the magnitude of the 
velocity but dependent upon the nature of the surface When the ground is 
flat the projections being blades of grass or small plants the decrease is also 
independent of the direction of the wind, but in the case of ploughed fields or 
trenches, where furrows run in one direction only, the direction of the wind 
Will make a difference 

In discussing the vanations of wind with height obtained in the series of 
observations with kites at the station maintained for the University of Man- 
chester at Glossop Moor* Miss Margaret White came to the conclusion that 
the vanations could be represented better by invariable additions to the wind 
recorded at the surface than by an mcrease proportional to the velocity at the 
datum level, but this result is probably due to the selective character of the 
wnds necessary for raising kites, it is certainly not applicable to many cases 
ot observations with pilot-balloons 

The observations on the Eiffel Tower at 305 m as compared with those 
on the tower of the Bureau Central Meteorologique at 21 m above ground 
give the following results The velocities are given in metres per second. 


Jan 

Eiffel Tower lo 2 
Bureau 2 4 


Feb Mar Apr May 
98 94 S7 83 

25 25 24 22 


June July Aug Sept 

76 74 80 82 

22 20 20 18 


Oct Nov Dec Year 

93 92 99 8 83 

18 20 22 2 17 


3 p 65 2 Annual Summary of the Monthly Report, 

Unpublished memoir commumcated to the Meteorological 
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Hellmann^ has compiled observations ovei flat meadow-land at Nauen at 
heights 2 m , 16 m and 32 m above ground from which he confirmed an em- 
pirical formula v-=khl which is not very different from the formula v^khi 
suggested by Archibald ^ from observations with kites in 1888, which was 
found to be m accord with Vettm’s lesults^for the motion of clouds at much 
greater heights The formula is in good agreement with J S Dmes’s obser- 
vations, to be referred to later, for moderate winds in the middle of the day , 
but the increase of velocity is not sufficiently rapid for cloudy v^eather or for 
the early morning, and, from the nature of the case, it is probable that a 
logarithmic formula is more likely to be applicable than one depending on a 
single power of the height 

Passing on to observations for levels accessible only by aircraft or pilot- 
balloon the most instructive observations for our immediate purpose are those 
of J S Dines ^ carried out at South Farnborough, in October and November , 
1912, with which are included other observations made previously at Pyrton 
PIill Two theodolites were used m almost all cases His conclusions are best 
represented by the diagrams which accompany his report and are accordingly 
reproduced here 



Fig I Change o± Wmcl-Vclocity with Height within 500 meties 


The numbers of observations upon which the cuives are based aie not 
numerous but they show some noteworthy results The first diagiam repre- 
sents the variations of wind- velocity with height up to 500 metres foi diffeient 
groups of winds selected according to their velocity at 500 metres, namely 
very light winds when the velocity at that level was 4 m/s or less, light winds 
more than 4 m/s and not more than 10 m/s and strong winds with a velocity 
greater than 10 metres per second at that level Anothei curve is added 

1 Meteor ologtsche Zeitschnft, 1915 ® Nature, vol xxvii p 243 

3 Vettin, M 7 , vol xvii p 267, 1882 ^ Fourth Report on Wind Structure 
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representing the combination of ascents at Pyrton Hill The geostrophic wind 
IS marked for each of the groups The shape of the curve for very light winds 
IS peculiar but it tends to confirm the suggestion put forwaid in the preceding 
chapter that light winds at the surface tend to show closei accoi dance with the 
gradient than stronger winds 

With the original diagram for these several groups of winds we have in- 
corporated the curves of another diagram in the same report which shows the 
result of grouping the observations according to the time of day for the pur- 
pose of disclosing the diurnal vaiiation of wind-velocity The effect is quite 
conspicuous In the early morning at 7 h the velocity is least, but the curve 
shows greater increase near the giound, so that at less than 100 mcties the 
morning wind becomes weaker than the afternoon wind, marked as 16 h, 
the midday wind for 13 h, though much the strongest of the three at 50 metres, 
has a smaller fractional increase with height and becomes the least stiong at 
less than 200 metres At what level precisely this leversal takes place on any 
particular occasion is not disclosed, but the reversal is a characteristic pheno- 
menon which is exhibited by the maximum in the night and minimum m the 
day shown by the records of wind at all high-level stations 

In the same report the variations of wind-velocity with height on cloudy 
and cloudless days are compared though only for a few occasions, I’he results 
show that the velocity increases from the surface more rapidly on cloudy days 
than on cloudless days and hence cloudiness as compared with ficcdom from 
cloud has the same kind of effect as the early morning compaied with midday, 
and both owe their influence to the difference in the conditions of the wairath 

of the surface 1 datively to the air above it which affects the turbulence of the 
surface layer i 


These different types of curve representing the variation of the velocity 
of wind with height should be boine in mind as cairying the key to differ- 
ences between the various kinds of exposure, and hence to the differences 
to be expected at different stations 

'^‘\Captain Cave the results of his observations with 

diagrams plotted for velocity against heights above sea level the lowest pair of 
0 servations formed a tail to the curve which pointed with gieat fidelity to 
the origin From that we concluded that at the beginning of the ascen/the 
velocity was not mrequently directly proportional tothehe^ht above sealeve 

ormuTa ^ ^ b« ^y the 


F = 


//+, 


V. 


0 ) 


stant^for'tbp'^^ velocity given by a w'cll-exposed anemometer and a is a con- 
it . particular site The value of « for Ditcham Park in Hampshire 

cortespotdmeTbi^* ° t feet, the height above sea level On examining the 
feerabovi^^^ observations for Pyrton Hill m Oxfordshire, which is at coo 
feet above sea level, the same relation was found to hold generally, it was 
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supported by observations at Brighton and less satisfactorily by observations 
at Glossop Moor, Derbyshire, which is at a higher level 

It was on account of this curious empirical result that the formula of 
velocity proportional to height above sea level until the geostrophic velocity 
was reached was put forward as a rough woiking rule in the writer’s report 
on Wind Structure^ to the Advisory Committee for Aeronautics And it is 
reproduced in Forecasting Weather^ p 351 It is too empiiical to find a pei- 
manent place in scientific literature, and from what has been said previously 
m this chapter it is clear that it cannot hold at all hours of the day but it carries 
within It an important principle, namely that for those localities where the 
exposure is so good that the suiface-wmd is near to the geostiophic wind the 
rate of increase of velocity with height will be slow, whereas in those localities 
wheie the surface-wind is a small fi action of the geostrophic wind the rate of 
increase of the wind fiom the surface upwards will be rapid Thus at a station 
at low level on the coast the wind should increase rapidly fiom the surface 
value and attain the geostrophic value at a lower level above the surface than 
at a high inland station where the rate ot approach to the geostrophic wind 
from the surface would be much lower In any case, of course, the curve of 
approach from the surface value of the wi,nd to the geostrophic value is not a 
straight line but the differences m the average slope of the line foi different 
kinds of exposure ate worth consideration and require only three points to be 
identified, one for the anemometer reading, one foi a reading above the anemo- 
meter, and the thud for the geostrophic wind 

Some observations not yet published with pilot-balloons at Scilly by 
C J P Cave and J S Dines in 1911 show that at Scilly the approach to the 
geostrophic wind is much more lapid than at Ditcham Park 

Nothing has yet been said about the cases, which will be noticed in any 
collection of soundings with pilot-balloons^, m which the velocity of the wind 
decreases with the height from the suiface or from a level not far from it 
They are not likely to occur when the surface-wind is in normal i elation with 
the distribution of pressure, but whenever the surface-wind is to be classed as 
katabatic or anabatic, conti oiled by gravitational effects at the surface lather 
than by the general distribution of piessure, the surface-wind may have no 
relation to the gradient Such conditions are most likely to occur when the 
distribution of pressure is very unifoim and there is no general gradient to 
exercise control over the surface-air, and it is to be expected that in these 
circumstances wind will dimmish w^ith elevation and perhaps be reversed at 
no great height 

On the occasion of a kite competition at Worthing^ held by the Aero- 
nautical Society of Great Britain on a threatening day in July 1903 the distri- 

First Report Advisory Committee for Aeronautics, Repoits and Memoranda, No 9 
2 An instructive collection of diagrams representing a series of soundings with pilot- 
balloons IS given in C J P Cave's Structure of the Atmosphere in Clear Weather (Cambridge 
University Press, 1912) • 

® The Aeronautical Journal January, igo^ 
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bution ot pressure afforded very little prospect of wind sufficient to laise 
kites, but fortunately foi the competition a sea-breeze set m which gave a 
surface-wmd sufficient to get the kites off the giound. In oidinary circum- 
stances, once off the giound, the kite’s future is assuied because the wind 
inci eases aloft, but on this occasion when a certain level was 1 cached the kites 
lay on the suiface-cuirent as if it had been a cushion and tiavelled along it 
without making elevation and on that account a veiy limited height of ascent 
was possible, haidly exceeding 1800 ft. 

It IS a well-known experience of meteorologists that winds are sometimes 
revet sed aloft even when theyaie tiue to the8uiface-giadient,and in paiticular 
Easterly or North Easterly winds (sometimes also Southerly 01 Northerly 
winds, though seldom or never Westcily ones) tall off in the upper air and are 
replaced by winds from an opposite dnection or nearly so The reversal m 
these cases however seldom takes place below the level ot 500 metres which 
has been taken as the limit of the surface laycis for the purposes of this chap- 
ter. It is cjuite possible that the influence of the sui face may extend beyond the 
level of 500 metres but it is less dominant there. 

Reveisals at higher levels are controlled by the itigime of temperatuie and 
their consideration belongs to chap, vit 


The application of the theory of eddy-motion m the atnunphete to the 
explanation of the variation of wind with hctj>ht 

It will be appaicnt fiom what piecedcs that, even if tlie exceptional occa- 
sions such as those of katabatic winds ate left out ot account, the variation of 
wind-velocity with height icciuires foi its representation a whole aeiies of 
curves all of which, except that representing the case of vciy light winds, have 
the same general charactei and may pci haps belong to the same family. Such 
a family of curves might be obtained, for example, from an empirical formula 
for the variation of wind with height such as that of Ai chibald or of I lellmann 
by assigning different values to a constant according to the sti ength of the wind 
at a standard height, the time of day at different seasons of the year and so on 
In any case it is idle to suppose that any empirical formula can hold for winds 
of all diiections at all heights because the regime of winds may change en- 
tirely at levels wheie the distribution of pressure is different from that at the 
surface We will, therefore, in this chapter limit our view to the winds 
which belong to the system indicated by the distribution of picssure at 
the surface Ihe lowest kilomclie mav be taken as a rough indication 
of the thickness ot the layei though the selection of that limit is at present 
arbitiaiy 

A rational basis of explanation of the variation of the velocity and diiection 
of wind with height in the lowest layers is to be found in (J. I Taylor’s theory 
of eddy-motion in the atmospheic which accounts for the ascertained facts as 
dependent upon the turbulegce of the lowest layers ’I’lie development of the 
theory is given in a papei to which reference has alieady been made in the 
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first chapter^ It is based upon a previous paper on eddy-motion the appli- 
cation of which IS used in the discussion of the conditions of formation of fog 
on the banks of Newfoundland in the report of the work carried out by the 
s s Scotia^ 1913*^ It IS not too much to say that these contributions by their 
method of tieatment of eddy-motion have opened up the field of meteorologi- 
cal investigation in a very remarkable manner They enable us to obtain a 
clear insight into the complicated phenomena of the lower layers of the atmo- 
sphere, which have not yielded to the ordinary procedure by the method of 
means 

The fundamental conception is concerned with the distribution of poten- 
tial temperature in the veitical In consequence of the turbulence or eddy- 
motion of the atmosphere heat diffuses downward towards a cold surface 
according to a law similar to the ordinary law of diffusion of heat in a solid but 
with a greatly increased coefficient It may be lecalled that the fundamental 
equation for the diffusion of heat in a solid viz 

dt ^ dz^ ’ 

IS the expression of the fact that the rate at which temperature is communicated 
to the solid at a particular point is proportional to the change in the gradient of 
temperature at that point That equation when applied to find the distribution 
of temperature m the atmosphere, on account of the difference of potential 
temperature between an undisturbed upper layer and a cold surface, similarly 
expresses the law that the rate at which potential temperature is increased at 
any point is proportional to the rate of change in the vertical of the variation 
of potential temperature with height, but when turbulence exists the con- 
stant of the proportion is many times that which would be appropriate if the 
air were solid or restrained in some other way from using its mobility to help 
towards equalising its potential temperature 

The direct expression for the variation of the potential temperature 0 , of 
unit volume of the air, in terms of the variation of height and time on the 
hypothesis set out, is the equation 

pcrSdjSt = {KporSOjSz), 

where p is the density and a the specific heat of the air , k, the eddy-coefficient 
of diffusion, IS dependent upon the state of the air as regards turbulence. 

This equation is reduced to a more simple foim as a first appioximation 
by regarding p and k as independent of the height The spfpific heat of air is 

^ ‘Phenomena connected with Turbulence in the Lower Atmosphere/ Proc Roy Soc A, 
vol xciv, p 137, 1918 

2 G I Taylor ‘On Eddy-Motion m the Atmosphere/ Phil Trans A, vol ccxv, p i 

® ‘Ice Obseivation, Meteorology and Oceanogiaphy m the North Atlantic Ocean/ 
Report s s Scott a, 1913, to the Board of Trade 

* Kelvin, Encyclopaedta Britannica, Ninth edition. Art ‘ Heat * 
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known to be practically constant at all pressures and temperatures Con- 
sequently we get the equation 

Sl9/Sjf-/cS2(9/8;s2 

of which a solution is given by 

9 — sin ( 27 rj?/T — bz) 
where h^=:^j{jK) 

As an example of the application of the theory we may take from the Report 
of the voyage of the Scotia?- the account of the distribution of temperature and 
humidity over the sea as disclosed by a sounding with a captive balloon at 7 p m 
on August 4, 1913, represented by the curves in fig 6, p 47 Taylor traces 
the course of the air which formed this current from the shores of Labrador 
along a devious course over the ocean and attributes the reversed lapse of 
temperature which reaches from the surface to a height of nearly 400 metres 
to the loss of heat at the surface through the direct effect of the eddy-motion 
during three days while the air was passing over water colder than itself The 
next section of the curve up to 750 metres shows an approximation to the 
adiabatic lapse for dry air, the result of the passage of air over warmei water 
as It came down from North to South between July 30 and August 2, while 
the top portion of the curve shows the remains of the reversed lapse of tem- 
perature formed while the air was passing from the coast of Labrador north- 
ward over cold water before July 30; the dryness of the air, at the top, itself 
suggests Its origin from over land Thus he traces m the details of the shape of 
the cui ves representing the present distribution of temperature and humidity, 
the past history of the air and explains the formation of fog in the lowest layer, 
about 120 metres thick, as a consequence of the mixing of the cold air of the 
surface with the warmer upper air caused by the eddy-motion It should be 
noticed that the cooling effect of eddy-motion has reached nearly 400 metres 
but the fog only extends about one-third of the way up the line of reversed 
lapse of temperature which is continuous without change of slope through the 
fog and beyond it Also that some days previously the effect of the cold surface 
had extended upwards beyond a kilometre 

As to the height to which the effect of the eddy-motion extends Taylor 
gives a formula z^ = 4^/G>cr) t, where 2* is the height affected by the eddy- 
motion when the air has been moving over a surface of lower temperature for 
a time t, f<^ being the “eddy-conductivity” or coefficient of turbulence and p, 
a the density and specific heat of the air The curves of distribution of tem- 
perature deduceq^rom that equation as applied to a cun ent of air with an isen- 
tropic lapse line passing over cold water are represented in fig 2 which is also 
taken from the Report of the Scotia In the diagram the diagonal line repre- 
sents the supposed original isentropic lapse of temperature with height The 
several curves represent the distribution of temperature in the vertical after 
certain periods of passage over cooling water The curve marked i shows the 

^ Loc at p 53 


(1) . 

( 2 ) , 
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height-temperature curve when the travel has been over water which cools 
the surface air by i a m 30 miles run for a period of if hours That marked 2 
shows the effect of a travel of 5^ hours in the same circumstances For the 
other three curves a rate of fall of temperature along the surface of i a in 60 
miles IS assumed and the first of them numbered 3 corresponds with a travel 
of 5^ hours For No 4 22 hours are supposed to have elapsed and for No 5 
87 hours Though the curves do not show the sharp angles that are drawn on 



Fig 2 Curves showing the distribution of tempeiature set up m an atmo- 
sphere originally isentiopic, with surface-temperature 300 a, by wind of 4 5 
metres per second (10 miles pci hour) moving over a track along which the 
surface- temperature decreases, according to the theoiy of eddy-motion, with 
coefficient of eddy-conductivity 3 x lo^ c g s units 


Scale of temperature changes 


Curve 

1 Distribution 

2 ,, 

3 

4 

5 


hrs 

after i| ( 14 miles fetch) when temperature decreases lam 30 miles 

»» 5i ( 55 *» ) ” «' » 

„ 5^ ( 55 >. ) »» .. » I a in 60 „ 

,, 22 (220 „ „ ) , „ 

„ 87 (870 „ „ ) M 


p 47 and other diagrams representing the variation of temperature with height, 
their shapes are very suggestive of many of the figures that are obtained for 
the variation of temperature with height from soundings of the uppei air 
Whenever we have a cold anticyclonic spell of weather in winter, whethei 
there is a fog at the surface or not, the variation of temperature with height is 
similar to one or other of the five curves of fig 2, the particular example being 

3—2 
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determined by the length of time that the suiface has been ab.soihmg licat 
from the air above it with the aid of the mixing due to eddv -motion 

The value of k is notably diflerent in difleient situations, and this we 
might anticipate from the diflercnces to be expected m the turbuleme of tlie 
air arising fiom differences m the natuie of the suiface which ofleis usistanee 
to the motion of the air An ordei of progressive values of s iiiaj be supposed, 
beginning -with the surface of the sea, or a perfectly smooth suifaee of land, 
through the roughness of grass to that of the uiegulaiities of trees oi town- 
buildings the vanous effects of which aie represented m 'ruble 1 1 which gives 
the different ratios of WjG Some of the values of k found by 'Tavlor foi 
different situations arc as follows: 


At sea over iho Crrcdt Banks (detonmnod 
fioni the distribution of temperatuio) , 

Over Salisbury Flam (determined from tlui 
distribution of velocity) 

At the Fiftd lowei (deteumned from tho 
daily range of temperature at diherent 
levels) 

Lowest stage (i8 m to m ) 

Mean * 

Highest stage (ic;7 m to 402 m ) 

Mean 

Whole range (18 ni to ^02 m ) 

Mean 

(Doteunmed by Akerblom fiom wmd 
measurements) 


\ X io» ( Cl *s umtH 
»> H 10^ c G s units 


0 V to* in 0 ( tohrt to 2 1 x lo* in Man h 
15 X 10* 

I 0 A to* in ludmiaiy to if* i ^ 10* 111 |idv 

1 t X tCJ* 

\ ^ \ to* in (auuaiv t n* |une 
to < 10* 

7 6 X to* 


In like manner, as the surface may act as a boundary at which heat is 
absoibed, so it may act as a boundary at which momentum m absorbed , and 
m that case momentum also diffuses downwaid from the “undiaturhcd” 
curient of air in the upper regions to be lost at the sin face, and the distiihiition 
of velocity with regard to height and time will follow the law of the cipiation 

pSujSt ' Kph^ujBs'^ ( 3 ), 

where k has the same value as in the thermal equation because the difhision 
both of heat and momentum is governed by the eddies which cause the mixing 
of the layers 

“Roughly K may be taken as Jeec? where w represents the mean vertical 
component of velocity due to the turhulcnce and d lepresents roughly the 
mean vertical distance through which any portion of the atmosphere is 
raised or lowered while it forms part of an eddy till the time when it breaks 
off from It and mixes with the surroundings. 'I'his may be taken to be 
roughly equal to the diameter of a circular eddy.” 

For the steady state under these conditions, assuming that the system has 
been established long enough for the initial conditions to have died away, 
Taylor has obtained a formula for the relation of the surface-wind to the 
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undisturbed wind (taken as equivalent to the geostrophic wind) m terms of the 
angle a of deviation between the geostrophic wind G and the surface-wind PF, 
which takes the form 

W G = cos cc — sin a 


The equation is tested by comparison of the calculated results with some 
observations of the surface velocity and its angular deviation from the gradient, 
by G M B Dobson^ over a very suitable exposure on Salisbury Plain, the 
comparison is as follows 

f Light winds Moderate winds Strong winds 

Observed value of WjG 72 65 ’di 

CL obseived 13° 21 20^ 

a calculated 14° 


The closeness of the agreement is remarkable and incidentally we may 
note that m this case also the lighter winds show closer agreement with the 
gradient both as regards direction and velocity The comparison is, moreover, 
supported by the examination of a conclusion arrived at by Dobson from his 
observations, namely that the geostrophic velocity is attained at a height con- 
siderably below that at which the direction ot the geostrophic wind is reached 
The difference is usually as much as that between 300 metres for the velocity, 
and 800 metres for the direction, and this is shown to be a direct consequence 
of the theory 

From the application of this theory Taylor arrives at the further conclusion 
that for a given geostrophic wind G, which is reduced by surface friction to 
such an extent that the surface-wind is inclined at an angle a to the undis- 
turbed wind, the rate of loss of momentum to the surface, that is the force of 


surface friction F, is 


2KpG sin ajB 


( 5 ), 


where B is equal to a/co sin 9^/^, cu is the angular velocity of the earth s rota- 
tion and <l> IS the latitude And m another paper^ he obtains for the frictional 
force of air over the grassy land of Salisbuiy Plain the value 

F = o ooz2pW^, 


whence o 0023 = 2 kG sin a/B 

Substituting numerical values of co and and remembering that WjG is 
equal to cos a - sin a, we get 


I 

W" 


: (cos a — sin a)^. 

sin a ' 


In deducing equation (4) the folloiving equation was obtained® for the 
component u of wind-velocity along the isobar 

u=G — A^e cos Bz + A^e sin Bz (6), 


1 Q J Roy Met Soc , vol XL, p 123, 1914 

2 Proc Roy ‘^oc A, vol xen, p 198, 1916 

» ‘On Eddy-Motion in the Atmosphere,’ loc cit p 15 
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where G tan a (i + tan a)/(i + tan^ a), 

and G tan a {1 - tan (y)j(i + tan^ a), 

from which we obtain 

{G — ti)IG — e sin a {cos {Bz — a) — sin {Bz — a)}, 
as an equation for the 1 elation between velocity and height Since 

K — (X) sm <j>IB^, 

the relation will be different for different values of k, and if k is subject to 
diurnal variation there will be a corresponding diurnal variation in the curves 
which repiesent the relation of velocity and height 

The corresponding values of B, and k foi values of G to be taken at will, 
are given in the following table 

Table III 


a 

BG 

k/G^ 

0 

COS units 

CCS units 

4 

00-10 

3 54 

6 

0065 

I 35 

8 

0094 

0635 

10 

0129 

0 338 

12 

0171 

0 192 

14 

0223 

0 116 

16 

0286 

0 069 

18 

0366 

0 042 

20 

0456 

0 027 

22 

059^) 

0 01 56 

24 

0775 

0 009 1 

26 

lOI 

0 0055 

28 

135 

0 0031 

30 

i8i 

0 0017 

32 

270 

0 00083 

31 

384 

0 00038 


488 

0 000 i 5 


With these values of the constants Taylor has constructed the curves 
which are represented m fig 3 , the shapes of the curves being determined by 
selected values for a at the surface marked against them The abscissae are the 
ratios of the wind- velocity to the geostrophic wind and the ordinates are the 
ratios of the numerics of the height and the geostrophic wind, so that, for 
example, when the geostrophic wind is 10 m/s the figures at the side will 
repiesent heights in dekametres, and those at the base velocities m dekametres 
per second 

It IS interesting to note the difference in the cui ves which would be suitable 
foi representing the variation of wind with height under different conditions as 
to turbulence If we take fiom p 36 the three values of the coefficient /c, 3 x lo^ 
5 X 10^ and 10 X 10^ appropriate foi the sea, for Salisbury Plain and for 
Pans respectively, we see that to give a value of d equal to 20"" (requiring a 
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quotient 0027 for k/G^) the geostrophic winds would have to be about 
3 m/s, 12 m/s and 18 m/s respectively Hence different curves are appro- 
priate for the same geostrophic wind if on account of the circumstances of the 
site, the time of day or the season of the year the coefficient k which defines 
the turbulence is different, a conclusion which we have alieady seen to be in 
accord with expenence 

This adjustment to the different circumstances of the site or time is a 
stiong point in favour of the theory as a dynamical explanation of the variation 
of wind with height and the evidence is strengthened by the further applica- 
tion of the theory, m the paper from which we are now quoting, to calculate 
frona a transformation of the curves which we have reproduced, the heights 
at which the day maximum of wind-velocity with which we are familiar at the 
surf^e gives ^ace to the day minimum which was represented in the results 
for the Eiffel Tower and is characteristic of all mountain stations and, as we 
have already seen, is disclosed in the results obtained with pilot-balloons at 
bouth Farnborough It appears as a result of these calculations that a variation 
in /c by an amount which fits in well with allThe other known data concerning 
the turbulent motion of the air near the ground is sufficient to explain both 
quantitatively and qualitatively all the facts concerning the daily variation 
of wmd-yelocity at different heights above the ground which are brought to 
lignt by Heilman n’s observations 

It will be deal to the reader from the imperfect sketch which we have been 
able to give of the theory of eddy-motion that /cis a new meteorological 
quantity of great importance Its influence is chiefly at the surface but on 
occasions it extends to heights above a kilometre We shall see in the next 
chapter some indirect results that may follow from its influence upon the 
atmosphere. ^ 


Note Captain D Brunt has pointed out that equation (6) of p 
the corresponding component z; at right angles to the isobar. 


37» with the equation for 


V = sin cos Bz, 

leading to v = Ge-^^ sin a {cos {Bz - a) + sin (Bz - a)} 

imphes that the point of the vector representing the velocity at 
out an equiangular spiral 


successive 


heights traces 



CHAPTER V 

Turbulence in relation to gustiness and cloud sheets 

'rut theoiy whicli has been adduced in explanation of the various contin- 
gencies in the I elation of the surface-wind to the gradient leceives strong 
suppoi t of an incidental character from what we have learned in recent years 
about the giistincss of oidinary winds When the tube-anemometer, devised 
by W II Dines in 1890, was set in operation the wind was seen from the 
records to consist of a Series of rapid alternations of velocity, and when a 
direction recorder was subsequently added the alternations m velocity were 
found to be accompanied by corresponding alternations in diiection The 



I''io 1 Kfcoul of wind at Pyitoii Hill, Dec 11-12, 1912, with an analysis 
of the gusts (luung a (puck run for seven minutes between 14 li 3oni and 
1511 20111 

numbei in a given time and the range ol consecutive fluctuations which make 
up these altei nations ai e ciiiite irregular We have become accustomed to refer 
to them as the “gusliness” of the wind. The word is not very appropiiate 
because besides these rapid fluctuations of velocity there are other marked 
increases in the velocity of many winds lasting for some minutes, which we 
call squalls, and the transition between the normal fluctuations m the wind and 
the occasional squall is not well expressed by it 

The natuie of ordinary gustiness will be best understood by the study 
of the illustrations of the records obtained from an anemometer with its vane 
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98 ft above the ground at Pyrton Hill by J S Dines^ and reproduced here 
They show the separate records of velocity and direction for two occasions 
with the ordinary time-scale (2 cm equivalent to 5 hrs in the reproduction) 
and above the regular record in each case is an inset representing the velocity 
during ‘‘quick runs’’ on the time-scale of 10 cm to 8 minutes 

We may note that in the quick runs the trace of the velocity is a very 
irregular line and on the closer time-scale the trace appears as an irregular 
ribbon , the width of this ribbon represents the range of the gusts of which 
the wind is composed | It will be noticed that speaking in general terms the 
width of the ribbon varies with the mean velocity of the wind and is roughly 
speaking proportional to it It may thus be taken as a measure of the gustmess 
of the wind which passes the anemometer, and as a numerical measure applic- 
able to winds of different strengths we may use the ratio of the width of the 



Fig 2 Record of wind at Pyrton Hill, Jan 28-29, with an analysis of 
the gusts for six minutes at 16 h 

ribbon in a short Interval of time to the mean velocity for that interval Using 
this measure we find that the gustmess of winds is different for different 
situations and is, moreover, different for different orientations m the same 
situation, m some cases, as, for example, at Shoeburyness, where there is a 
land-exposure on the one side and a sea-exposure on the othei the difference 
of gustmess for different orientations is very marked 

Judged by this standard we find that the most gusty exposure for the 
stations with tube-anemometers which report to the Meteorological Office is 
that of Dr J E Crombie of Dyce, near Aberdeen, where the mast of the ane- 
mometer projects fifteen feet above surrounding tree tops, the coefficient of 
gustmess in this case is i -3 

^ Advisory Committee for Aeronautics, Report, 1913 Fourth Report on Wind Structure, 
fig I and fig 2 Blocks lent by H M Stationery Office 
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GUSTINESS OF VARIOUS EXPOSURES 
For other sites we have the following 

Marsh SnU% Soutlipoii Coeffitient of gust mess 3 


Si Mat} 's, SmU> ,, , 5 

Slio( bm ync'-s, I’Nl^ wnul ,, „ ,, 3 

,, W wiml „ ,, 8 

HolyluMci (S«iit Island) ,, >,> 5 

iVndenms ( astle (balmouth), S wind ,, ,, ,, 25 

,, „ „ W wind „ „ „ 5 

Abei<U‘en ( Koof of King’s C ollege) ,, ,, ,, i 

Aluvvu k (Koof of S< hoolhouse) ,, ,, 8 

Ku hmond ( Roof of Kew Obsei vatoiy) ,, ,, , i 


The gustmess which is represented by these figures may be regaided as 
the direct result ot the eddy»motion or tuibulencc due to the obstacles which 
are presented to the direct flow of the an by the suiface and its irregularities, 
the eddies being more pronounced the gi cater the lesistance piesented by the 
obstacles. Where the surface is nearly flat, as ovei the sea or a flat spit of land, 
the tuibulencc is less marked, but when the air has to make its way ovei trees 
or groups of buildings the eddies aie laigei and moic pionounced and the 
turbulence pioduces greatei effect on the iccoid of the anemometer 

A useful piece of evidence confirming this view comes from Eskdalemuir 
where the anemometei is mounted on the cential block of the Obsei vatoiy 
It stands lietween two other buildings on a hill-side which slopes towards the ** 
East Above the central block on the West is the Supeimtendent’s house, 
below It on the East is the Assistants* house Nothing paiticulai is remaiked 
about the Easterly winds which pass ovei the lower stiuctuie, but whenever 
the wind veers from South to West the passage of the wind-shadow of the 
house at the highei level acioss the central block is always marked on the 
recoid by an increase of the gustmess shown m the tiaces both of velocity and 
direction. 

J S Dines^ has put together some infoimation about the variation of 
gustmess with height He found for two anemometcis, one with its vane at 
36 ft. and the other at 98 ft , that the gustmess factor of the lower (estimated 
as the ratio of the langc of velocity during an houi to the mean velocity for the 
hour) was 137 per cent, of that of the highei, and from observations of the 
variation of the pull of a kite-wire he found the gustmess to vary with height 
very differently on diffeient occasions with the general aveiage of a factor of 
gustmess (range of pull on the kite - mean pull) of 2 5 for the step o to 500 ft 
and t 5 for the sten 500 to 1000 ft. Foui ascents with a Westerly wind gave 
for the lowei step irrcgulai values 2 6, 3 7, 3 5 and i 3 and for a South-Westeily 
wind 2*0, 45, 20 and 1-4, while for seven ascents when the wind had an 
Easterly component the factors were all high but more uniform, namely 
2 7, 3*0. 7 3, 2 7, 3 2, 3*5,^ 5 The station is situated on the Western slope of 
the Chiltern Hills Easterly winds come over the hills 

^ Advisory Cornimiteei for Aeronautics, Report, TInrd Report on Wind Struc- 

ture, p 210 ipto 11, Setoml Riport on Wind Strut lure Keiioiis and Memoranda, No 
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These factors of gustmess appear to be directly related to the constant k 
of Taylor’s formula and the whole question of gustmess seems to be merely 

a phase of the general question of 

3omph Ij j eddy-motion 

m/I I K, T} An investigation of the details of 

the motion represented by gusti- 
ness has been made by J S Dines ^ 
He has pointed out the difference 
between the record of an anemo- 
metei with an open time-scale, 
represented by fig 3 a, and the 
sudden changes in wind- velocity, 
represented by the examples of 
fig 3 &, which last for a minute 


20 m p h 


10 m p h 



minutes o 
Fig 3 a 


234567 

Ordinary Gustmess 


or more and would be appreciable by an aeroplane as a definite “bump” m 
consequence of the almost instantaneous transitions between phases of the 



Fig 3 b Sudden changes of wind-velocity of comparatively long duration 


relative motion which last long enough to alter the lift, whereas the fluctua- 
tions of ordinary gustmess are alternations which are complete m a few 
seconds 

An endeavour made by J S Dmes^ at the writer’s suggestion to analyse 
the motion of eddies by arranging an anemometer to give a vector- diagram 
representing the direction and speed of the wind at each moment by a vector- 
radius drawn from a centre, has failed to indicate any simplification of the 
idea of turbulent motion in the layers of air near the ground The diagram 

^ Advisory Committee for Aeronautics Thtrd Report on Wind Structure, p 216, 1912 

^ Advisory Committee for Aeronautics Second Report on Wind Structure, 1911, Plate 5 

fig 6 
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(fig 4^) I’eproduced here shows the recoid, lasting one minute, of some 
exceptionally variable winds from the North East at 36 ft A corresponding 
diagram (fig 4 b) with wind of similar range of velocity from the West at 
98 ft shows much less violence of oscillation m direction but it must be noted 
that the laige range of the oscillations shown m the diagram may be due to the 
momentum of the vane which may carry the writing pen beyond the true 
position of the wind, and in this connexion it may be remarked that with the 


30m p h 20 




Fig 4 Vector diagiams of variation of velocity of wind at Pyiton Hill 


view oi reducing oscillations of this character a new form of vane has been 
designed and is now in operation on Pyestock Chimney, South Farnborough 
J S Dines has also taken recoids of the variations in altitude of a small 
balloon tethered by a thread 100 ft long to the top of the anemometer pole 



Fig 5 Theodolite-record of altitude of a tethered balloon 

98 ft high at Pyrton FIill One of these records for January 19, 1912, is repre- 
sented in fig 5, and is reproduced m order to show that the vertical fluctua- 
tions of short period m an air-current are of the same kind as the fluctuations 
in the velocity and direction of the horizontal motion as represented in the 
trace of an anemograph It follows that the effect of the imperfect eddies due 
to the turbulence of the flowing air is to produce the same kind of alterations 
in the horizontal and vertical directions, and, consequently, the change in 
direction, the change in the horizontal speed of the wind and the superposed 
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vertical fluctuations may all three be regarded as aspects of the same physical 
or dynamical process 

G I Taylor has carried the theory of eddy-motion so far as to show that 
there is a direct numerical relation between the mean variation m the hori- 
zontal direction of the wind and that in its speed^. He has, moreover, obtained 
evidence to show that the effect of the turbulence spreads equally m all 
directions round any selected point 

The Relation of Turbulence to the Formation of Clouds 

The first application of the theory of eddy-motion in the atmosphere was 
the explanation of the formation of fog over the banks of Newfoundland® 
It was shown by G I Taylor that by taking account of the eddy-diffusion 
between a current of air in the upper regions and a surface of cold water the 
distribution of temperature in the lowest layers of the atmosphere determined 
by soundings with kites from the deck of s s Scotia could be explained A 
specimen of this distribution of temperature observed duimg the occurrence 
of fog IS shown in fig 6 It is quite typical of the whole series of observations 
and the general application of the type is borne out by many other observa- 
tions of the temperature of the air in fog which show that fog is always 
associated with an inversion of the lapse of temperature with height® The 
coldest stratum is at the ground and the temperature gradually increases 
upwards within the fog and for some additional height beyond it The cloud 
of fog IS the immediate effect of the mechanical convection of cold caused 
by the mixing of consecutive strata in the turbulence of the eddy-motion and 
m spite of the fact that the coldness of the lowest layers makes for stability 
and restrains convection The formation of the cloud extends as far upward 
as the reduction of temperature due to the mechanical process of the eddies 
extends sufficiently to produce a mixture which has a temperature below its 
dew point When condensation has begun the further effect of the turbulence 
IS to mix the fog-laden layeis as well as to extend their upward boundary so 
that the water condensed at any particular level has not all to be borne by the 
air at that level, and the thickness of the cloud is more uniform than the 
ascertained variation of temperature would lead us to expect 

We must therefore picture to ourselves a set of ro llin g eddies producing 
cloud by mixture beginning at the surface and gradually extending upwards 
as the current flows on The operation is very persistent if the conditions are 
maintained, yet it is very self-contained because the coldness of the surface 
layer always tends towards stability and therefore towards limiting the opera- 
tion to those layers which are directly affected by the eddies set up at the 

1 Report Advisory Committee for Aeronautics, Reports and Memoranda (New Senes), 
No 345 (unpublislxed) 

2 Report of s s Scotia to Board of Trade, 1914 

« The reader may refer to the results of observations with kites (partioularly those at 
BnghtonbyS H R Salmon) pubhshed m the Weekly Weather Report. 1906 to 1911, and 
subsequently m the Geophysical Journal, M O Pubhcation, No 209 d, etc 
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surface and gradually developed in higher levels, but only by gradual incor- 
poration of the next higher layer with those already affected 

This view of the formation of fog being accepted we have next to note that 
many, if not all, of the varieties of stratus cloud are also marked by an inversion 

Percentage relative humidity 

20 30 40 50 60 70 80 90 100 



Fig 6 Captive balloon ascent fiom s s East of Newfoundland, August 4, 

1913, 19 li Wind 5 miles per hour (2 2 m/s) at all heights from SF^S (140°) 


of lapse of temperature in their mass, extending beyond their upper limits 
This has been noted on many occasions during kite ascents Not all clouds 
have that characteristic but only clouds of certain types such as stratus and 
strato-cumulus Cumulus clouds have no inversion of temperature at their 
tops 
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In explanation of this peculiar separation of clouds into two different 
classes let us consider what would happen if a current, such as that which 
produces fog gradually extending upwards from a cold surface, passed over a 
surface which was not colder than but as warm as or warmer than the lowest 
layer of the moving air The turbulence due to the eddy-motion would of 
course exist in that case also, and its coefficient of diffusion upward would be 
greater than that for a cold surface The effect of the turbulence would there- 
fore be to cause the layers affected by it to approach the isentropic condition 
for dry air, that is, to make a greater approach to uniformity of distribution of 
potential temperature by the gradual process of mixing or churning in the 
layers affected This implies a sacrifice of temperature in the upper layers to 
the advantage of the lower layers Hence would arise a reduction of tempera- 
ture of the upper boundary of the stratum affected, as compared with the 
layer just above it, and consequently just beyond the influence of the turbu- 
lence In other words an inversion would be formed marking the boundary 
of the stratum affected by turbulence just as it does m the case of a stratum in 
which fog IS formed, m which, indeed, the process is exactly similar m this 
respect, viz , that the change of temperature from the surface upwards is less 
abrupt from cold to warm and therefore is nearer to the isentropic lapse t han 
if there had been no mixing of the lower layers 

But It is clear that if the air m eddy-motion at any point can be represented 
as having a vertical component for part of its course there will come a time 
when the vertical elevation will reduce the temperature of the air below its 
dew point , cloud will therefore form and the top of the stratum affected by the 
turbulence will be marked by a layer of clouds or cloudlets, always being 
formed so long as the eddies persist, travelling with the wind while they are 
in existence and always being reformed with sufficient regularity to give the 
idea of a permanent drifting layer Such clouds are not likely to develop into 
rain as a general rule because above them by the process of their foi matron is 
a layer of inverted lapse which is a guarantee of stability, but so long as the 
surface conditions and the current of air above the surface are maintained so 
long will the formation of cloud take place And it will give a very level under 
surface because the condensation will always take place under exactly similar 
conditions of temperature which range themselves in horizontal layers, but 
different samples of air may well have different amounts of moisture and 
clouds may therefore form in irregular patches or in rolls And the difference 
in the amount of condensation may occasion local differences m the thickness 
of the layer of cloud The appearance of a layer of strato-cumulus cloud from 
below is familiar enough The development of the art of flying and of photo- 
graphy in connexion therewith has placed a new method of observation at 
our disposal We reproduce, with remarks based upon the original notes, 
a number of examples of photographs of clouds from above which have 
been supplied by Captain C. K M Douglas, RAF, through the courtesy 
of the commandant of the Meteorological Section of the Royal Engineers 
in France 
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PHOTOGRAPHS OF CLOUD-SHEETS FROM AEROPLANES 
WITH REMARKS BASED UPON NOTES CONTRIBUTED BY 

Captain C K M DOUGLAS, RAF 

Nos I, 2, 3, 4, Sheets of strato-cumuliis cloud in ripples^ waves or rolls 
Examples i, 2 and 4 were taken on the same day, August 15, 1918, the 
first, at 1700 feet, m the early morning about 7 h, and the other two m the 
evening at 18 h when the cloud-sheet of the morning had worked upwards 
and developed a much more turbulent appeal ance The tops of the rolls 
were then at 5000 feet The clouds weie formed m a light northerly wind on 
the eastern side of an area of high pressure lying over the English Channel 
The third example shows a cloud-sheet with tops at about 4000 feet 
formed in a fresh westerly wind at 7 h 30 m on August 17, 1918 

‘‘These clouds are accompanied by eddy-motion within and below them 
which keeps up a supply of water-vapour from below It is the expansion 
and cooling of this water-vapour as the air carrying it gets diffused up by 
eddies that causes the clouds Similar cloud-sheets aie common at all heights 
up to 20,000 ft The turbulence reduces the tempeiature at the cloud-level 
and theie is often a rise of temperatuie above it ’’ It was only 1° F in the 
first example but in the later examples of the same day when the cloud was 
several thousand feet higher it had increased to 8° F 

Nos 5 and 6 Low Clouds of Lenticular Type 

“These clouds are of interest as they repiesent a type lather similai to 
those shown in Plate xiv of the series recently published by the Meteoiological 
Office^ They weie however at a much lowei altitude, about 2500 to 3000 feet 
at then upper surface They were accompanied by very little tuibulence and 
occurred in a stable layer, the temperature being 53° F at 2000 feet and 50° F 
at 4000 feet ” The normal lapse of temperature between these levels is between 
5° and 6° F The peculiaiity of the lenticular clouds which have the smooth, 
gently rounded foim so well imitated by the long wieaths 01 “sastiugU' of 
examples 5 and 6 is that they seem to be the loci wheie cloudlets are persis- 
tently formed and move independently of the general motion of the cloud- 
bank The banks in this case lay in North and South lines and moved fiom 
SSW Comparing iheii forms with the diagrams of wave-motion m figuie i 
of chapter ix it is impossible to lesist the suggestion that these long banks 
may repiesent waves, which are stationary or nearly so,acioss the current of 
air which forms the wind On this occasion there was a wind at 7000 ft 
from WSW, while the suiface-wmd was from the South Northern Fiance 
was undei the northern margin of an extended anticyclone and theie was a 
stationaiy “low” centred off the Hebrides [yh 30m Aug 8, 1918 ] 

Cloud Forms according to the International Classification, M O Publication, No 233, 1918 
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waves of strato-cumulus advancing 


2 The same layer of clouds as No 
Strato-cumulus in rolls and hummnr 


I at a greater height in the evenim 


Vest The sun is out of the picture on the observer' 
Note the clearer belt beyond the strato-cumu] 
bank of clouds on the horizon over England 




EDDY CLOUDS PLATE II 




3 Strato-cumiilus clouds about ^ooo feet with high clouds in another layei above, 
piobably alto-stiatus which is geneiallyat 10,000 feqt 01 highci August 17, 1918, 7 h 30 m 


4 Anothei view of the cloud-sheet icpicscnted in No 2 on the opposite page looking 
East with the sun behuid the observe! The lineb of cloud aie moving obliquely away 
fiom the obscivei fiom the ioicgiound on the left to the background on the right 


August 15, 1918, 18 li 


Note the more tuibulcnt appeal ance of the evening clouds repiesented in Nos 2 and 4 


as compaicd with the morning clouds leprescnLed in Nos i and 3 
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5 A \ a'it field of long strips or bands of cloud nearly parallel, with smooth and lightly 
rounded upper surfaces m the form of “hogs-backs/' like wreaths of drifted snow (sastiugi) 



24T 

6 Another part of the cloud-sheet, No 5, viewed to NE against the light showing 
an eruption of cumulus heads in the middle distance Overhead is another cloud-sheet at 
7500 ft , of which the margin is seen at the top of the picture August 8 1918, 7 h 30 m 
The bands of cloud lay roughly North and South The wind at their level was from 
SSW The form suggests wave-motion across the bands from W to E 
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There are a number of well-known phenomena which may be accented 
for on this hypothesis of cloud marking the boundary of the stratum affected 
by the turbulence of the surface There is first of all the well-known circum- 
stance that the sky over our Islands may be covered by a layer of cloud the 
whole day through without allowing a break for the sun on the one hand or 
developing into ram on the other The adjustment which is necessary to cause 
condensation without ram is a very delicate one It could hardly be attempted 
in a physical laboratory by any simple process of reduction of air pressure , 
but if arrangement could be made for a certain limited amount of rarefaction 
to be superposed upon a gradual diminution of temperature with height the 
necessary adjustment might be made and such an airangement seems to e 
secured by the effect of eddy-moUon upon a flowing current when the surface 
IS as warm as, or warmer than the air above it The explanation is even more 
a propos if we consider that layeis of cloud such as are here spoken of have a 
marked tendency to disappear ovei land stations towards or after sunset when 
the level reached by the turbulent motion becomes lower We have seen that 
the height to which turbulence extends has a marked diurnal variation, being 
increased by the accumulated warmth of the day D Brunt^ has pointed out 
that there is a diurnal variation of cloud at Richmond (Kew Observatory), 
which IS a very good indicator of the diurnal variation of the thickness of the 

layer affected by turbulence u u ^ a, ^ 

Clouds of this character are often formed in Easterly winds, which at toe 
surface are dry winds They are indeed so characteristic of anticyclonic weather 
in winter, that they have received from W H Dines the name of anticyclonic 
gloom It should be noted that these clouds are to be found in the current 
which brings the surface-wind They do not belong, as one is apt to think, to 
the transition between the surface-wind and upper winds m the opposite 
direction coming from a warmer quarter with a larger supp y o water, or o 
any other process of mixing of currents from different sources in the upper 
air they are developed in the body of the surface-current itse 

Another example which has frequently been noticed in the course of the 
last foul years is the heavy cloud in winds from the North which have a long 


2 to a°iettor?cently^ecm^^^ W H Dines has expressed the opinion that loss of heat 
by radiation ?s tL rnost probable cause of the cloud in the still air of a 
and other clouds of stratus-type The suggestion deserves r 

IS possible at this stage The relation between the ultimate effects 

formation of cloud is a very complicated 2 

IS thermal the next step is the dynamical process of the 

the entropy or potential tempeiature flm Lune mange 1- Nuages ' 

he the " waimmff oI the air whicn has lost ns ncai oll o 

Q J Roy Met Soo,yo\ xxvin, p 95. icproduced in Poracastog 

IS doubtful whether any hypothesis can rely upon air being I Sr 

current but in the end causes the same thermal effect, 


S H 
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“fetch” over the North Sea The cloud gets heavier in the Southern part of its 
course and not infrequently develops into a persistent drizzle of rain over 
Flanders and Northern Fiance Winds from the same quarter often give clear 
weather in the central and Southern parts of England with cloud on the 
Eastern coasts We may perhaps attribute the difference to the enhancement 
of the coefficient of eddy-conductivity by the warmth of the water and to the 
increase of water vapour by evaporation from the sea 

A third example is to be found in the clouds of the I'rade winds which take 
the form of strings of cumulus at a uniform level According to Piazzi Smyth 
the level of clouds in the North East Trade wind at Teneriffe was 5000 feet, and 
the thickness of the Trade wind itself was about 10,000 feet, so that the clouds 
were in the middle height of the great current of air, not in its upper margin. 

At St Helena in the heart of the South East Trade wind the mechanical 
effect of the Island itself, as an obstacle to the current, increases the amount of 
condensation , and to such an extent that near the top of the Island at 2000 ft 
above sea level the air preserves an almost uniform humidity of 90 per cent at 
9am and the mean amount of cloud the year thi ough at that hour is 85 per cent 
The particular type of cloud which is formed by the process which we have 
described depends upon the lapse rate of temperature in the region in which 
the condensation begins If the lapse rate approaches that of the adiabatic for 
saturated air the initial condensation may give rise to cumulus heads, or even 
develop into a shower, whereas if the lapse of temperature is not near to that 
of the adiabatic for saturated air the cloud-layer must remain thin as the con- 
densation will be dependent upon the forced veitical motion due to the eddies 
It seems possible that the scud which is often to be seen drifting m mid-air 
under a mmbus cloud after heavy ram is similarly due to the eddy-motion of 
the lowest layers operating upon the saturated air close to the ground Eddy- 
motion IS operativeevenwith light winds, and when the lowest layers are com- 
pletely saturated very small amounts of forced elevation due to turbulence 
would be sufficient to produce condensation where the eddies have some upward 
movement It is noteworthy that the fragments of cloud here spoken of tend 
0 arrange themselves at a defimte level and it is possible that the remarkably 
evel line along the slopes shown by morning clouds on a mountain side may 
be due to the regularity of the mixing of the surface layers in the eddy- 
moving air. We have to remember that there can be no 
p anen coud m perfectly still air The lightest fog would settle if It were 
enclosed and kept still Fog and cloud are always in a state of motion, some- 
times only moving slowly but never still, and it would appear that the turbu- 
lence of the motion is necessary to keep the cloud in suspension 

to hitherto been usual 

cl3tion r.7 being associated with cyclonic weather and the upward 

inTwSb Wff fTu" consideration of the 

conrtitu e f ^ of successive layers of air by the eddies which 

evidem tLt^ f of currents of air moving over sea or land it becomes 

evident that if the process goes on unaltered for a sufficient length of time the 



CLOUDS IN WINDS OF LONG FETCH 5^ 

formation of cloud must occur, immediately at the surface if that is cold 
enough to give a mixture below the dew-point, m the upper layers if the sui- 
face IS not colder than the air which flows over it , and in that way we may 
account for the formation of the many clouds which have been shown to have 
an inversion of the lapse rate of temperature within them and above them, 
and also of certain detached clouds formed like scud in exceptional positions 
Thus we may regard cloud in some frequent forms as being associated with 
currents of air of long fetch whether they belong to cyclones or anticyclones 
Over the land the diurnal variation of temperature by affecting the eddy- 
motion introduces a corresponding diurnal variation of the conditions for the 
formation of cloud , over the sea the long travel of wind must end in cloud 
of some sort unless the diffusion upward of the eddy-motion is restrained by 
some hd of inverted lapse of temperature which confines the effect of the 
churning of the surface layers to the production of a shallow isentropic atmo- 
sphere in the lowest layers and the moisture of the surface layer is not sufficient 
to cause saturation within the stratum of turbulent air Such is probably the 
daily experience of the air over the hot deserts of the tropical regions 

Fohn and Chinook Winds 

There is another class of phenomena of weather for which the aid of the 
theory of eddy-motion must be invoked, these are the warm, dry, oppressive 
winds in the valleys on the lee-side of mountain-ranges On the Northern side 
of the Alps such winds are well known as fohn winds and in the prairie 
country to the East of the Canadian Rocky Mountains as the chinook It is a 
common practice to explain the hotness and simultaneous dryness of these 
winds by tracing the history of the air from low levels on the windward side 
through a period of rarefaction and reduction of temperature, as it is driven 
up the slope, culminating in the condensation of vapour and the formation of 
rain about the ridge, during which the great store of latent heat of evaporation 
IS set free By that time the air has acquired a greatly enhanced potential tem- 
perature, or an increased entropy as we may regard it, and the operations 
terminate in the realisation of this entropy in the raised temperature of the air 
when It reaches the lower levels again with its water taken away and a store of 
heat left in its stead 

This simple life-history is not quite satisfactory because there is no suffi- 
cient reason adduced for the air of the vallevs on the windward side to climb 
up to the ridge, nor for it to get down again from the ridge to the valleys on the 
leeward side Various reasons may be urged for some amount of climbing due 
to mechanical forces on the windward side but there is nothing to be said in 
favour of the air at the ridge with its great store of entropy finding its way into 
the valleys as a warm dry wind except that the eddy-motion in the current 
which passes the ridge will gradually excavate the cold air from the valleys on 
the lee-side and ultimately the regime on the lee-side of the ridge will be a flow 
of isentropic air extending in thickness from above the ridge even to the deeper 
valleys The cooling effect of the surface as the warm air reaches it will produce 
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a certain amount of stability in the lowest layers. But the process is not com- 
pleted all at once Some interesting details of its circumstances are given in 
von Picker’s papers'^ 

Eddies and the General Turbulent e of the Atmosphere 

Before bnnging our consideration of eddy-motion to a close we will call 
attention to two examples that will enable the reader to carry in his mind a 
general idea of the state of tuibulence which exists in the atmosphei e wherever 
an air-current passes along a boundary suilacc with a density diffeient fiom 
Its own, or, indeed, presumably wherever a discontinuity of velocity is asso- 
ciated with a discontinuity of density, for it is not the particulai difference of 
density between water and air, or between the ground and the an above, that 
causes waves in the water and eddies in the air, but the existence of a discon- 
tinuity in the density, which may be called infinite when the boundary is solid, 
very large when the boundary is water, and very small, though still operative, 
when the boundary is a distinctly heavier gas I’he process of the formation of 
eddies in such cases is most easily seen in the case of a liquid passing an 



r 
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Fig 7 A succession of ocldio.s formed in a current of watei p.issiiij' 
a plane obstacle (National J>hysical Laboiatoiy ) 


obstacle This case is represented in an illustration taken from a rcpoit of the 
Advisory Committee for Aeronautics* It will be seen that as the current passes 
the plate which forms the obstacle a succession of incomplete eddies is formed 
at regular intervals in the current They travel along with the current and 
gradually disintegrate, filling that portion of the stream with irregular eddy- 
motion A succession of obstacles would imply a corresponding series of dis- 
integrating eddies having some recognisable form neai the obstacle which 
causes them, in the further distance they have no defined form but merely fill 
the current with irregular turbulence As the velocity of the stream is in- 
crease tee dies are formed at shorter intervals until a practically permanent 
eddy is formed at the obstacle itself 


^ Heinz von Ficker, Innsbrucker hbhn-^tud%en, Wien 
P 83, 1905 

2 Report, 1909-10 Reports 4nd Memoranda, No 
Stationery Office 


UenHi^hr Ak IFh** , vol i \xvni, 
31, % 7 iilock lent by H M 
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A permanent eddy of this kind is formed at the edges of cliffs or the ridges 
of houses or walls m all strong winds When the wind blows upon the steep 
face of a cliff an observer standing at the edge may be effectually screened 
from the direct wind by the deflexion of the current upward in the formation 
of the eddy and he may feel only the return current which comes towards the 
edge of the cliff completing the circulation in the interior of the eddy The 
writer recalls a remarkable example of a westerly gale at Dover m the 
of 1889 when the top of the Admiralty pier, apparently exposed to the full 
force of the wind, was the only place in Dover where it was possible to walk 
without discomfort on account of the violence of the wind The protection was 
quite absent from the part of the pier where it joined the land and where the 
wind could travel up the slope of the beach Ynthout forming an eddy of the 
same size as that due to the nearly vertical wall 

When the air passes out to sea along a level surface at the top of a cliff a 
well-marked permanent eddy is formed on the face of the cliff Photographs 
illustrating the course of a balloon in an eddy thus formed are included in the 
collection of photographs at the Meteorological Office 

The reader can make experiments for himself, simply with an empty match 
box or even his own hat, in the eddy formed by a strong wind blowing upon a 
nearly vertical chff A most remarkable example of a cliff-eddy can be found at 
the Rock of Gibraltar when a strong levanter blows on the steep Eastern 
face of the rock Its effect upon the tube-anemometer which has been main- 
tained at the signal station on the Rock is very remarkable When the velocity 
of the wind reaches a certain limit it passes the opening of the anemometer in 
a direction nearly vertical and the effect is a reduction of pressure m the re- 
cording float A limit is thus fixed to the velocity which the instrument can 
record and gusts of greater velocity appear on the record as entirely fictitious 
lulls, due to the withdrawal of the pen to the zero line by the “suction of the 
air passing the anemometer The sheet of air which forms the eddy in this case 
goes upward for some hundreds of feet The phenomena were investigated by 
H Harries of the Meteorological Office by means of small balloons and 
balls of cotton wool during a visit to Gibraltar A description was contributed 
to the Royal Meteorological Society and to the discussion of a paper before 

the Aeronautical Society^ m January, 1914 ^ ivt n 

For the eddy-motion of good ordinary meteorological exposure Lf M a 
Dobson has made a careful study of the motion of the air in Ae lowest layer 
over Salisbury Plain at Upavon by following the motion of pilot-balloons 
with “no lift” set free near the ground and plotting the results Complete 
eddies are not at all conspicuous in the results but one aspect of the ’tiotion 
disclosed by some of the balloons with no lift must be mentioned here, though 
It breaks the continuity of our line of thought, because it shows that another 
problem must be faced in our study of the motion of surface layers When 


1 Hariies, Q J Roy Met Soc , vol xl, p 13 . 1914. Sha-w, ‘Wind Gusts and the Struc- 

ture of Aerial Disturbances / Soc /ow , I 9 i 4 > P ^ 7 ^ 

Advisory Committee for Aeronautics, Reports and Memoranda (New Series). No 325 
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the drifting balloon reached the edge of the slope leading down to the valley 
It was carried upwards along a continuous sloping line through as much as a 
thousand feet of height thus suggesting a sheet of air rising obliquely from 
the surface across the horizontal flow of the layers above, which would repie- 
sent the wind on either side of the ascending sheet I’his occuned in sunny 
weather when the surfaces both of the slope and the plain would supply heat 
to the air in contact with them It would appear that the convection was 
localised in the sheet of air ascending obliquely from the lip ol the slope and 
It is difficult to see how the continuity of the horizontal motion on either 
side of the sheet of rising an could be maintained We may loim an idea of 
the problem by supposing continuous lines of traffic, say four abieast, to 
be passing along Piccadilly straight on along Coventry Stieet and the line 
of vehicles on the off side to cross the traffic and pass up Shaftesbury Avenue 
at an angle of 4.5° to the continuous flow without any interruption of the 
continuity on either side It could be arranged if at the proper moment 
corresponding vehicles in two consecutive rows changed places, and presum- 
ably something of that kind must occur m the air if a sheet of rising air and 
not a narrow column is the proper mental picture ol the conditions 

It may seem to the reader inappropriate that these remarks as to the nature 
0 eddies in the atmosphere should come at the end of the section of this work 
which is devoted to the consideration of turbulence instead of at the beginning 

tnrhn adopted with due deliberation The 

edd^^ mathematical theory applies is no more a collection of 

for he d ff “ Tu molecular motion which accounts 

for the diffusion of heat and momentum according to the mathematical laws 
of conduction and viscosity is a collection of definite velocities belonging to 
the molecules The air in motion over obstacles is full of turbulent Son 
befonging to eddies with a large range of size and in all directiom just a^e 

and wSTSr f molecules which have motions in all directions 
and with a large range of velocity According to Taylor ^ the oattern of th<=. 

eddy-„„a„„ ,3 saM. for all meanvotoL of toUd SJ^efadt 
velrav Uicreases proporBonally with the mean velocity 

happei « l"amoke°ZiTsSelfrom^'td?eh 

Obviouslv in a state of K f Tu a strong wind It is 

by the action of the eddy-motion fn ffiTair tf wf ^ vertically 

sented bv thp trci.i ryf e. t l imagine the process repre- 

supeS°a”nat^bS^‘rS;T'*rf”“’' f *e 

Jtiaceofatur-an^rett 

With Its top in the trace of V r “ imagine a factory-chimney 

“midt” he will find the trace^on the^ chapter at the point indicated by 
will leave him to think out for fom ^f^ v^tv suggestive of a smoke trail We 
X Aa r ^ superficial analogy has a 
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real significance At first sight it looks as though the chimney was an essential 
factor in the production of the eddies which appear to spread from it, but the 
eddies are already in the atmosphere and the smoke only makes their effect 
visible They are not due to the motion past the chimney Mr A Mallock has 
usefully pointed out that the trail of smoke left by a steamer travelling through 
still air IS not disturbed by eddies There is ample relative motion of the funnel 
with respect to the surrounding air but there are no eddies in the air 

Consequently we must regard the properties of eddies in turbulent air in the 
same statistical manner as we regard the properties of the molecules of a gas 
The analogy between the theory of eddy-motion of the atmosphere and the 
molecular theory of a gas is so close that the two may be regarded as subject 
to the same laws but with a large difference of scale To fix our attention 
upon an individual eddy would be the reverse of helpful Let us, therefore, 
regard the facts as illustrations rather than as the foundation of the mathe- 
matical theory which requires conditions of its own Further investigation 
will disclose more effectively what these conditions are 


Notes With reference to clouds in winds of long ''fetch” 

1 L H G Dines of Valencia Observatoiy, Cahirciveen, has wntten that at Valencia 
with a North West wind which travels over successively warmer water, the weather is 
almost always of a violent squally type with vigorous convection to a height of 10,000 ft 
or so and violent showers, the air between the showers being comparatively dry 

2 It may be remarked that the cooling of the air in the higher levels indicated by the 

formation of cloud, m consequence of the mixture of layers by eddy-motion, must have as 
its counterpart the warming of the air neai the surface, and we may thus account for the 
relative warmth of the eastern side of Britain in a persistent WSW wind which was remarked 
upon in by H Harries, Jan gandW H Dines, Jan 16,1919 The dynamical effect 

has been estimated quantitatively by Lieut John Logie, RAF 



CHAPTER VI 


The variations of wind with height in the upper air disclosed by 
observations of pilot-balloons ^ 


For the first stage of our inquiry into the validity of the fiist law of atmo- 
spheric motion we have devoted our attention to the relation between the 
observed wind and the geostrophic wind at the suiface where the disturbance 
of the relation between the wind and the distribution of pressure is ccitainly 
very considerable, and to the variation with height of the diiection and 
velocity of the winds in the lowest layers We have found that the observed 
phenomena in relation to these matters are the natuial consequences of the 
eddy-motion of the surface-layer and that the wind gets moie neaily in accord 
with the gradient as the effect of the eddy-motion becomes less marked We 
have laid down no specification of the lange of the lower layers We have taken 
the first kilometre as being probably affected by the turbulence We have 
given figures for variation of velocity up to 500 metres without any particular 
stress upon the selection of that level The correlation coefficients between 
the deviations of temperatuie and pressure referred to on page 26 indicate 
2 kilornetres as the limit of disturbance foi the middle of England in winter 
and 3 kilometres m summer ^ 

coufseTouW htT the natural 

position at which the geostrophic wind is 
attuned, if we knew it, as marking the limit of the disturbance caused bv the 
surface and it has been the practice of the Meteorological Office to quote the 
geostrophic wind determined from the isobars of the daily maps 
probably representing with sufficient accuracy the actual wind at the level 

obno. v.Uu.ns has 

the discussions of Cous au^rrfofXor^ 0^ derived from 

additional observations are to be fonnrl m crences arc given in the tejct Ki‘tord» of 

Journal (U O Publication, No 209 d etc) irthe ofL^Tu the 

Aeronautical Observatory, Linden^ ’ in a Lc.ol dl P^^oations of (ho Koyal Prussian 
logical Institute, m the publicLons of the w o <•><* 't.ilwn Mi'tooiu- 

the monthly pubhcationrof “'“I 

summary of the observations mtj 1 AeioiuuitUK A 

IS ^ven in a publication of the UniversftVpress of° ^ 

With kites which previously formed the chief bn Clio f A^>®Tdcen, 1915 I he obsei vatiom 

the upper air up to the level of about three\dn°^ knowledge of the winds in 

Barometric Gradient and Wind Force (M O Pnhl!^M ‘kscussod by F CJolcl in 

Memoirs. No 5 (M O PublioatS n!> ,ro e xo iT it 

that the illustrations in this chapter are restnrrU + may legitimately complain 

the structure of the atmosphere L general ^ to observations in the IJutish Isles but 
some unity of ideas it seemed best tfSn complicated that in order to keep m mind 
by a selection of the whole 
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FROM THE SURFACE TO 2500 METRES 

of about 1500 or 2000 feet or 500 metres But at this stage we are not m a 
position to go further than that in defining the limit of interference of the 
surface with the free course of the air, because the balance which we postulate 
is between the wind and the distribution of pressure at the same level In 
order to make the comparison with the wind at 1500 or 2000 ft we ought to 
obtain the distribution of pressure at those levels Before approaching that 
part of the subject it will be best to examine the variations of wind with height 
in the levels which we may suppose provisionally to be for practical purposes 
free from the disturbing influence of the turbulence due to the surface, in 
order to obtain some guidance as to the changes to be expected from other 
causes than eddy-motion 


Fig I Change of wmd-velocity with height at Upavon, between the level of 
2500 metres and the surface, for winds in different quadrants 



We shall find the structure of the atmosphere from this point of view ex- 
tremely complicated and we must seek the probable cause of these complica- 
tions As giving a general representation of the different cases that arise we 
will take the observations with pilot-balloons made at Upavon by G M B 
Dobson^ and discussed by him in a paper befoie the Royal Meteorological 
Society in 1914 It gives an excellent summary of results for the layer of air 
from the surface to the level of nearly 2500 metres (8000 ft ) at a well-exposed 
station This height includes the surface-layer and gives also an insight into 
the variations through a suitable range for the next stage The soundings are 
97 in number, the great majority being followed with one theodolite only 
The site of the observatory is 183 metres (600 ft) above sea level and the 
situation IS very favourable because it gives a large expanse oi nearly level 
plain 

1 G M B Dobson, ‘ Pilot Balloon Ascents at the Central Flying School, Upavon, during 
the year 1913,’ Q J Roy Met Soc , vol xl, p 123* 191^ 
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From Dobson’s paper we take four composite diagrams representing 
the individual ascents for winds in the four quadrants, i8 m the Noith East, 
i8 m the South East, 33 m the South West, and 29 in the North West respec- 
tively We have added to the diagrams as published in the ofigmal paper a 
full line at 500 metres and also the line of sea level The line at 500 metres 
divides the height of the ascents into two parts Within the lower part is the 
rapid increase of the wind in the layer at the surface which is characteristic 
of all the winds and shows generally the effect of the surface- tin bulencc 
Yet there are cases in all the quadrants, and particularly in the North West 
quadrant, in which the first step from the surface shows a diminution of 
velocity We shall refer to this peculiarity later, on page 65 

Lookmg at the appearance of the curves in the composite diagrams the 
direct effect of the surface seems to have come to an end before the level of 
500 metres was reached We may also notice as a general feature the remark- 
able irregularities that are disclosed in all the quadrants We may fairly say 
that the winds in the North East quadrant fall off with height beyond 1 000 m . , 
that those in the South East quadrant remain steady^ those in the South West 
and North West quadrants show all variations from approximate uniformity 
to large increases of velocity m the upper levels, but above and against all these 
general statements must be written that exceptions do occur and the variations 
on different occasions follow no absolute rule That is the situation which we 
have to face in dealing with the obseivations of winds in the second stage 
between 500 m and 2500 m. 

Numerically the results are summarised as follows as regards velocity, 
on the average the geostrophic wmd corresponding with the surface gradient 
was just reached at 915 metres with N E winds and then the velocity began to 
dimmish With S E winds the velocity reached the geostrophic wind below 
300 metres and kept quite close to it from that level upwards, with S W winds 
the calculated value was reached near the 500 metre-level and thereafter the 
velocity increased to 117 per cent of the geostrophic wind at about 2500 
metres and mth N W winds the geostrophic wind was reached below 300 
metres and thereafter the velocity increased at 8000 ft (2500 metres) to 145 per 
cent of the calculated value On the other hand, as regards direction, N.E 
wmds, startmg with an average deviation of 27° at 50 metres, only got within 6” 
of the Ime of the surface isobar even at the highest point tabulated , S.E winds 
with an initial deviation of 24° veered to the isobar at 600 metres and passed 
beyond it S W winds in like manner starting from a deviation of 19° passed 
me Ime of the isobar at about 800 metres and earned the veer 16° further, and 
N W winds starting with a deviation of 1 1 ° kept close to the line of the surface 
isob^ between 600 metres and 1200 metres and then \ eered 8° from it 

Grouped according to the velocity at 605 metres, light winds (below 4 5 
m/s) showed little increase of velocity with height and do not seem to have 


quadrant is borne out by Cave's obser- 
vations at Ditcham Park which are referred to later Cave's class of " sohd cuwent " included 

a large number of examples in the South East quadrant sona current included 
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quite reached the geostrophic wind below 1000 m Moderate winds (between 
4 5 rajs and 13 ni/s) attained the geostrophic velocity at 300 metres and strong 
winds (above 13 ni/s) at 500 metres 

For light winds the surtace velocity is 87 per cent of the wind at 650 m , 
for moderate winds 64 pei cent and toi strong winds 56 per cent Light winds 
also show considetably less change of diiection with height than do moderate 
or strong winds “It is lemaikable that the moderate winds should go on 
veering considerably after the direction of the isobai has been reached ” 

'I'hese results as regaids the 1 elation of the surface-winds to the upper 
winds aie in accordance with the conclusions which have already been 
reached in chap iv, and details of the characteiistics of the variation with 
height of the velocity and dii ection of strong winds have been used by Taylor, 
as we have seen, to verify his theory of the effect of turbulence We have 
selected this particular group of observations partly on account of the favour- 
able nature of the site and partly because they are based mainly upon the 
method of the single theodolite which is now in daily use at many stations 
I'he results include any defects of the method but they present the problems 
which have to be faced in considering the observations from the stations wheie 
that method is employed 

As giving a summary of lesults obtained from seventy-three soundings 
made with special caie, mainly by the use of two self-recoiding theodolites, 
we take from the third report of the Advisory Committee for Aeronautics^ 
J. S Dincs’s discussion of the results obtained from pilot-balloon-ascents at 
Pyiton Hill, 1910 II 'Fhe site is in very open country 150 metres above sea 
level on the western slope of the Chiltern Hills near Watlington in Oxford- 
shire. But it has, on that account, some disadvantages for work with pilot- 
balloons. ‘“I’he surrounding lulls subtend an angle of 10° above the horizon 
from N round through to S F'rom S the altitude falls oft to zero at W , 
and fiom that point to N the horizon is clear ” The peculiarities of the site 
limited the lange of observation with strong winds from the Western quad- 
rants and protected the surface against strong winds from the Eastern side 
The observations arc theiefore confined mainly to days with a surface-wind 
below seven metres ]>er second Nor are all wind-directions represented 
I'here arc no observations from South East or South West Their absence is 
accounted for partly by the site and partly by low clouds which are a common 
accompaniment of winds from those quarters 

'I'he results for groups arranged according to the wind-directions and also 
for the means of all the observations at successive levels at stated hours are 
represented m the diagrams of fig 2 They show the characteristic points of 
the results of soundings with pilot-balloons, the rapid inciease of velocity near 
the surface with winds from any quarter, which ceases below the level of 500 
metres for all the examples plotted except that of the winds grouped as 
WNW 'Fhere is a notable falling off at about 1000 metres of the velocity of 

1 Nepiirl fur mii- la Thtrd Hepuri on W^nd Slrttctwra Reports and Memoranda, No 47, 
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Fig. 2 Structure of the Atmosphere from loo metics to 2000 meties 
at Pyrton Hill. Mean Values ot Speed and Direction oi hoiixontal velocity 
of the wind and the vertical velocity of the balloon toi souiulmj's grouped 
according to the dll ection at the surface (J S Dines, lyio ii) 



Velocity m/s 5 10 5 ^ 


Fig 2 a Variation of the velocity of wind with height 



Degrees 200 250 300 350 40 c>c> n io 10 

Fig 2 b Variation of the direction of wind with height 
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the winds grouped as NNI*) and liNE, especially the latter, after a con- 
'■(lerible further mcicase tiom the limit of the first increase of the surface- 
wind* The winds giouped as H and WSW show an irregular but generally 
continuous increase up to tlie level of 2000 metres which is most pronounced 
in the WBVV group 

'I'hese eharactei istics ai e generally in accord with the results already quoted 
ioi Upavon on p. 57, hnt it must be understood that even when the observa- 
tions me with two theodolites the mean values include examples which deviate 
a (rood deal in vanous ways from the mean We cannot yet make any satis- 
factory geneiahsation as to the vaiiation of wind with height above the level 
of coo metres that can he legartled as applicable in all individual cases 

Befoie passing on to other examples of the structure of the upper air dis- 
closed by pilot-balloons we may interpolate a note as to the relation of the 
winds -It w metres (tlie lowest level of observation in the series now under 
consideraiion) with the geostrophic wind as determined from the rnaps of the 
Daily Weathci Report foi the observations at Pyrton Hill We will also give 
the comparison of the lesults with those of the calculated ratio of W/G by 
(' I Taylor’s theoiy of the relation between the ratio WjG and the angular 
deviation u of the wind fiom the run oi the isobar The figures which should 
be compaied with those given with fig. i of chap ii, are as follows 


L Comparison oi* obsprvfo and (calculated Values for the Ratio 
ot 'I HI' WtNH AT lio Mrnu-s It) niE Geostrophic Wind 
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It will be seen that the agreement is fairly good for the S and ENE 
vrouns For the others, the “calculated” value is much m excess of the 
“ observed ” value 'Fhere are various possible explanations of these diferences 
which must be explored befoic a final opinion can be arrived at, and they are 
itK,rc he e to lay stress upon the fact that the comparison of the 

vanon if <.f a difficult character ar f 

already seen the diurnal variation of ^ from which the geo- 

that It is necessary for tlic f ^y^chronom and a suitable hour 

strophic wind is obtained to be y y of the site may have 

selected, and in the case of Pyrton Hill the Pf the 
had acme influence. The South w.n^ blow 

line of the hills, those from WSW are cUmbmg the hdls, those Irom tne 
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KNE have come over them. 'Fhe effects of such ciicunist.nice.H as these upon 
the direction of the wind near the surface arc as yet unexploieii 

The Variation!) of Vertual V'dociiy of Pi/ot-Ballooni 

The great advantage of the method oi two theodolites, especially when 
they are provided with means for recording continuously the altitude and 
azimuth of the balloon which is being followed, is that the ohsei v.itions enable 
the observei to deteiminc the actual height of the balloon and thus obtain a 
measure of the variation of the vertical velocity. It the actual late of ascent of 
the balloon m still air were exactly known, in spite of the solarisation of the 
balloon and other possible causes of change, the diffeiences from the observed 
velocities would give the vertical component of the motion of the air at 
successive levels, but for dealing with small differences it is not safe to assume 
that the velocity of ascent in still an is sufficiently well known in oidinary 
cases. , 

In the discussion of the observations at Pyrton Hill J. S Dines obtained 
the variation in the rate of ascent and the mean values of tluese variations are 
shown in a small inset in the diagram of fig za It appears from the curve 
that the balloons lost on the average about 0*3 m/s of ascensional velocity 
within the first kilometre and the greater part of the loss took place within 
the first half kilometre In explanation of this general result, which agrees 
with what had been previously observed by Cave at Ditcham Park and by 
Hergesell at Strasbourg’-, J, S Dines has pointed out in a note upon his dis- 
cussion® that balloons set free at the surface will as a rule be earned by the 
current in the surface-layer away from the region where air is descending and 
towards the region where air is ascending, because ascending air must be 
supplied by currents moving over the surface from places where it is descend- 
ing The fact that evidence for this conclusion can be detected in the mean 
values of a large number of soundings with pilot-balloons is very satisfactory 
evidence of the general precision of the measuicments. Dines pursued the 
question of the vertical component of air-currents within the lowest two 
kilometres still further and found a range of vertical velocity in the lowest 
kilometre amounting to 3-2 m/s on June 27, igu, in a sky with a few small 
detached cumulus clouds, and a range of 3-0 m/s within the second kilometre 
on the same day. On July 5, of the same year, also in a sky with some cumulus, 
he found a range of 3 6 m/s m the second kilometre and summarising a table 
of results he adds “It appears from the lecords obtained that vertical currents 
(of short duration) of 2 m/s must be not uncommon on days with detached 
cumulus about, while on days of clear sky the current would not as a rule 
exceed -5 m/s ” 

After satisfying himself about the application of a formula for the ascent 

^ Commission Inkrnattonah t>our V A irostation Snenltftqw, Report Mwt»ig«it Momuo, 
1909, p 102 

® Third Report on Wind Structure, Advise ry Conmuttre for Aeroiwuitu s, Uepdn, 190 1 1, 
P 230 
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of a pxlot-balloon of gxven weight and hftL m a subsequent Ae 

AdviLry Committee for Aeronautics, not f of the air 

cussed the information about the vertica CO p p ^ pTiii which were 

derived from 66 soundings with flot-balloons at P^tou 
watched with a pair of recording t eo 01 ®® ^ ^ results (which 

ponent at different levels in each of the ®°"^^^Xout of ^00°. 

include only 89 observations in t e various ’ ^ of frequencies of 

when the vertical component is set down as ^^^gg^^ompiled, 

vertical components within certain specified limits has been p 
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Pilot-Balloons at Pyrton Hill 
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^ 7 o 3 3V1 284 125 37 31 19 7 9 4 X 2 

The table shows o^S^mTnd com^ 

registered on one occasion at eoo m and 1100 m The maximum 

r:or»”e.:K a .ea» ..a„ . Ws 

and less than i 5 m/s on several occasions 

J Roy Met 95 

2 Ftfth Report on Wmd Structure jAepori.6» ctn 
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The gracUul change with height in the tretiuency of upwani motion and 
downward motion is noteworthy At the level of lOO metieh theie arc fifty-one 
rising currents as against fifteen downwaul and the distiihution giadually 
changes until at 500 metica, the last level for which the full numhei of sixty- 
six soundings are available, thcie is a piepoiuleiance foi descending motion 
of thirty-nine as against twenty-seven. But a prepoiuleiance of upwaid motion 
shows itself again at 900 metres and is continued to 1500 nieties with a maxi- 
mum at 1 1 00 metres. 
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The general results may be somewhat biassed in favour of the display of 
vertical motion because the occasions were chosen witli a view to exploring 
cases of vertical motion and do not properly represent laniloni sampling 
Diagrams illustrating the rapid variation of vertical velocity with height 
are given m fig 3 Such currents are regarded by J. S. Dines as only transient 
because in those cases when a sounding was repeated after a short mteival of 
half an hour or less they were not recorded. 
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The importance of these determinations of vertical components in the 
stratum up to the two-kilometre level lies m their bearing upon the observations 

ZTTZl U.eodoh,e m the compuU«o„ of wh.ch “JX 

of the air-velocity is ignored , but if there is a vertical component it will attect 
the determination of the horizontal velocity by the single the^hte and a 
correction will be necessary An ascending current will cause the computed 
velocity to be too small and might even cause an apparent /I*® ^ 

Ind coLersely a descending current will exaggerate the speed of the balloon 
away fZ^observer and in certain circumstances may give very mappro- 

^ The following computation of the correction to dtr^to 

„„ away from the observer for a vertical component » is due 

E IS the angular altitude of the balloon, a: its height, x 
A the azimuth of the balloon The components of the ve y 
fre a uplrds. x horizontal m the direction of the projection of the line of ^ 

rl’lTJ'wtae z'lr,he verttcal veloaty of .ho bdloon m 

Still air 

Then a: = a cot E, 

u = x = 2 cot E-z cosec^ EdEjdt 

= (Z + ro) cot E - a cosec^ EdEjdt 
In computations from observations with a 

.,,nme that rc is zero Thus the computed velocity is too small by ri; cot ii 

Song of *0 “”0 of “8"* The he«h, . also ,s m erro^y a 

calcSable amount depending on the values of w during the e^r P 
the ascent Hence, to correct for the vertical component of velocity, 
tie term wcotE should be added to the computed velocity along the lin 

The amount of Ae correcuon depends upon the alntude of the balloon as 
obs^“S,l^dohte I. tequn^ to he botne m t 

results derived from observations with a single theodolite Thm, for eMinple, 
h^mimTlSs of velociB on leavmg the ground which we have nonced in 
Sme of the individual curves included m Dobson’s dia^ms 

be attributable to ascending currents near the groun 

“ A SSl“*i°p"ry be suggesmd for excepuonal velocin. ..to 
high oTSw, w£ch are somSimes obvio^ IrSa^ e^S- 

:zl 

hills of the Lake District may be the cause of descending or ascend g 
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cunents, at the level of looo or aooo ft. winch will he dillcTciu accoidmg to 
the direction of the wind. 

The two examples which have been selected foi illustrating tlie results 
obtained by pilot-balloons arc both dependent upon inland sites and difler 
the one from the other merely in the fact that the station at Upavon is on a 
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ViG. 4 a Stiucture of tlio atmospheit^ below fKjoo (>n tlio h dsi (*o.iht ((HHkleH) 

W to compoueut of vdooity 

Kumbeis arc inserted m the diagrams 4 4 6, 44, to show tlie datas of the obsc'rvations 

as follows . 

X igxz May 2z (> 191^ Oct 17 n 191a June ai 10 Nov 1 

2 1912 Juno 26 7 1913 Nov 5 la 191^ J)o(. ij 17 191 ^ Nov iO 

3*^ 1912 Nov 22 8 191^ Nov 14 191^ 18 1912 Junv 7 

4 1912 Nov 29 9 191) Nov i() 14 1913 May il * 19 1912 Juno 1 1 

5 ^191) June X3 xo 19x3 Doc 5 15 191 ) Juno xi 20 i9iat N<»v io 

The time of ascent was, m every case, between xx li and 12 h 

level plateau whereas that at Pyrton Hill is on the North West slope of a range 
of hills which runs from South West to North East. As a third example we 
may take the obseivations by A. E M Geddes^ at Aberdeen because they are 
derived from a station on the coast A station in such a position may be 

^ Q J ^oy M$t Soc , vol XU, p 123, 1915, 
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expected to have special chai ac tei istics as 1 egai ds the structure of the first two 
kilometres ot its atmosphetc because 011 the one side is the land with all the 
ihstu! bailees due to the n rcKulat ities ot lehet and variations of temperature 
at the sill face, and on tlie othei side is the sea, the surface of which is free 
from those iiiegulai dies and vanations We may, therefore, expect the results 



ten .h.« which arc chapUycl at Upavon or PyTO „f .he 

ceitainly resiliaed in the diagrams « -no meties as taken from the tables 

motion 0 1 the air at different levels up «) 5 observations 

given m (ieddcs’^i paper, Ivvo tteo 01 ^ upon the velocity of 

and therefore the mflucnce of the vei ica vertical velocity of the 

ascent can be represented by f %X7nd 1 
balloon which is given m the tables and is F 

diagrams „o,-r.rdinp to the fate which ultimately 

(leddes groups his observations ^ the diagram are for 

overtook the bolloott end the cttamplcs represented m 
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those lost in ha/e or distance and those lost in stiato-cumulus clmul with f 

three examples when stratus clouds terminulcil the olisei vations. | 

I'he leader will note that in those diagrams components have been plotted | 

instead ot the resultant velocity with its diiection 'The use of components is | 

desirable partly because it may simplify the examination but mainly because i 

whenever computations have to be mailc with the view ol combinmg measures i 

of wind It IS nearly always necessary as a fust step to lesolve them into then r 

components In all cases the student who wishes to coinpt ehend the sti uctui c } 



Fio 4 c Stmctuio of tlic atmosphere below f;ooo ineltt‘s on tlu' h'ast C oast {t leililes) 
Vortical velocity of the Balloon, allowing tUanges with height ottlie veitu ab oiniKiiient 

ot the velouty of the air 

of the atmosphere has to read simultaneously two diagnims and lor any com- 
prehensive study the use of components will ultimately be found the more 
satisfactory alternative. The process is also desirable in view ol the tlifference 
of geographical significance between motion along pai allels and motion along 
meridians on the earth’s surface. At Aberdeen the diflcrence must be con- 
siderable because the North Sea lies to the East and mountains to the West 
Perhaps a more definite result in that particular case might have been obtained 
by resolving along a North I?ast and South East line instead of due North and 
South 
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The illmtiauons which have been jlduced ui 

to set before us the complexly oft and asoometrest 

the structure of the atmosphere betwe» the ““ ,4“„“„,/,he„r.et.^ 

Itisprobabl,thelayerofpeate3tcomptolTl.mc^^^ 

of stmcture madental to the kmematica of the pjaure 

form depending on the relations o 1 s m effect of eddy-motion 

and temperature, but dso some tomrbance ^e»*e^^^^ ^ 

wherever arcumstancts are sue a ® penod There is also to be 

of the horizontal motion 2 „„ of another section of 

We now pass on to lay before the "“' 1 “ “ ““"Z “rlresenting the 

theatmosphete.thatbetweenasoomemesm somewhat less complicated 

layers which we may be encourag g where according to W H 

m their structure because they represent t e reg normal show 

Dines’s results the deviations of pressure for y deviations of tem- 

a close approach to proportionality to e gQ„ndings with pilot-balloons 
perature , and in the ordinary conditions, vertical motion 

L practicable, there is at least Se motion of 

These two specifications may be regarded as inter p mature of the 

the air is confined to horizontal layers may 

air will necessarily be governed by t e c g ^ ^ die loss or gam 

which extends from 2500 metres 75^^^® p ^ I s at a height of 

obtained byC J P Cave prmcTally at Ditchamjaik^^^ Inhisbook^ 

167 metres, close to the ridge of the South Downs m Ha^PShir^^ 

“smoothed” results are given for 200 , g^nsofpdot-balloons 

and represent the first investigation of the upp ^ employed, for 

in this country. For some of the soundings ^ selection 

others only one We have drawn no distinction ^ consideration the 

made for our purpose because for exploii g y 

r.bZZrZ»lZed Zes foe e^b baff-fulomcmc from pjoo 

1 The complication is even more “ ottmr Muntiies Macedonia as 

and the geographical relief g presented to the Advisory Committee for 

ascertained by soundings with No 296 ) illustrates this statement 

^eronauhcs^l^.^., 

^Tke^^Lmeremarhsuponthecomparativeerrorsofthetwo methods byG M B Dobson 
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metres to 7500 meties and have included also thi ce which only missed the last 
step 'Fhcrc were 23 sounding's in all and of these zz have been plotted in a 
diaf'ram to represent the West to ICast components of the wuui-velocity and 
18 lor the South to North components Points to the left of the mo line 1 epic- 
sent Easteily 01 Northerly winds and those to the iifilit Westeily 01 Southerly 
respectively 'Phe soundinj's have been omitteil fiom the diagiams only when 
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practically they repeated types already shown or when they belonged to a part 
of the diagram that was already sufficiently filled 

In these diagrams we may begin to see some suggestion of order. In that 
representing the West to East components the range of velocity at each level 
is approximately the same but on the whole the Westerly components are 
stronger at the higher levels Thus at 2500 metres the range is from 1 6 5 
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which nieann an l-;ast cuinponcnt ..t t(>'5 tn/n to I lo which means a West 
mnnent oi io in s, whctc.iH at 7<;oo inctios the langc is trom - ii 5 to 15 
It the Inist coinpoinnit has lost 5 nxS and the West component has gamed 
“ ; ,f 1 V.-1. Tlu- acCKlemal, but 

tu-u.l W..st.iH uiuds al ImrIut Icds is a real pheno- 

menon. 
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I ittiiiiHuhcu' tinin ineticH to 75^^ melics at 

^ '' Tun luun I'a.l «‘av..) S to N .oiuponenl oC velocity 

^ fhit Uoiitit to North components, on the other 

In the diagiam ' ^ j „„,ch wider at 75°° "^^tres than 

hand, we notice that ^ ^ ^ ^ North component 

it 18 at 2500 metres. It component of the same magnitude 

of 20 m/8 to I 20 which meima « ^ ^ f,om only - 6 to +9 

I'he range at 2500 ^ (ilre/quoted irol the diagrams rnark the 

It must not be Huppoaed that the ngurt 1 ^ents from Noith or 

practical lirniW of velocity ot ^\nioie leasonablc inference 

South, Ivast or West, at the l.^citica might have been experienced 

i8 that the «cca«ion8 when higher wuid vc oc^ S 

at that level were not suitable lor a am ^ I ^ ^ difficulty of keeping 

metres, on account either «I the tot “i 

a small balloon within ‘.'I" into five classes or types of 

Claptain Cave lias grouped hia ^h^ch show “solid cun ent” 

structure within the iropo«phct«. ^ surface over a large 

or little change from the direction and velocity at 
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range of height, (6) those that show a considerable increase of velocity without 
much change of direction, (c) those which show a decrease of velocity with 

height, (</) those which show a 
reveisal oi gieat change of di- 
' rection in the upper layeis, and 

(e) those which show an uppei 
wind (either in the Noith West 
quadiant or South West quad- 
rant) ciossingthe lower wind and 
therefore coming apparently from 
above the central region of the 
cyclonic depiession of which the 
South Westerly wind occupied 
the Southern sector, in leality 
they are doubtless cii dilating 
round a low pressure centre to 
the Noith East or Noith West 
The classes to which weie as- 
signed the soundings used m 
foiming the diagrams are marked 
by letteis in the list of dates 
Of the whole number of the 2'^ 
ascents, six are m class (a) “solid 
currents” showing little change 
with height, foui m class (b) 
steadily increasing cm i ents with- 
out much change of direction, 
three are the diminishing cut rents 
of class (c), two aie leveisals, of 
class (d), and eight aie in class (c), 
increasing cross uppet currents 
generally from North or North 
West 

This classification, which 
though provisional is useful as a 
geneial guide, is well repi esented 
by the various lines included in 
the diagi ams The diagram of th e 
South to Noith components is 
particularly nqteworthy, it shows 
a singular symmetry of the two 
North, there may be a marked increas,»„.fl,^^^^®’ whether from South or 

one of the lines starts from - 5 and endfneaX^aTl”*" ’ 

from -1-65 and ends at + 20 Y t 20 and another starts 


Fig 6 Gradual increase of the South com 

ponentof thewind (Ditcham, Oct i, 1908) 
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A typical case b illustiated by a photograph of a model (fig 7) taken from 
Captain Cave’s book representing the sounding vi’hich we have numbered iz 
Each oi its pointers rcpi esents the wind of a kilometre , its length expresses 
the speed ; and the w<iy it points, the direction of the wind The gradual but 
marked increase in wind Irom the North in the uppci air is very characteiistic 
and has been noticed by many 
obscivers 'Fhe iollowing note 

taken iiom an official coinnuini- '1 , ,1 

cation to the Meteoiological 
Office calls attention to it tor 
February 21;, kjiH “I'he wind 
was piacticall) constant in direc- 
tum at all heights, tioin 15" 

Its leinarkable feature was its 
strength which inci cased from 
about 30 t/s at the ground to 160 
f/s at 25,000 ft. So fai as obser- 
vations weie obtained the wind 
was neaily lineai, i.e the graph 
of stiengtii with height is nearly 
a straight line. 

“Winds of this strength have 
now been observed at Portsmouth 
on thiee occasions (the others aic 
5.12.16 and ip.io.iy), in each 
case they have been Northerly 
winds, their other common fea- 
ture is a lenmrkahlc legulanty of 
the wind lor ditlerent obsetva- 
tions at the same height, but at 
slightly different times ’’ 

One of the occasions men- 
tioned in this note, namely that 
ofOctohei U), 1917, has become^ 
histone because the Noitherly 
wind inci eased at high levels to 
about 30 in/s and cai i led away a 
fleet of Zeppelins that ascended 
into It aftei attacking England j . j 

and dispersed them over I'lance where a number of them were destroyed 

modcTof the ascent numbered 16 (fig 6), almost identical in shape, but 
larger in dimensions equally represents the variations m the ^mds of type 
(A) and shows a Hoiith wind increasing uniformly m like mannei and taking 

on a little Wcsteily component in the higher levels; and just as these models 


l.'it, 7 ('rnulual increase of the North com- 
ponent of the wind (Ditcham, July 29, 1908). 
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lepreseata gradualmcrease of Southerly or Northerly component of piecisely 
similar character throughout the lange from 2^:00 meties to 7500 metres, so 
another model, which is also repioduced by Captain Cave’s pei mission, 
represents the sounding numbered 6 in the diagrams and shows the gridual 
addition of Westerly component to the original East which leveises giadually 
the Easterly wind in the uppei layers Hence thc^ c are tin ee cases foi mci ease of 
Northerly component. Southerly component, and Westerly component 1 espec- 


^ South to North cornpoiicut 

the air-current at the level of foui kilonietios 
(Ditcham, Nov 6, .1908) 


™d of ol Easterly 

exist .s rf T ® certainly raie But probably they do 

In order^thafth?^^^^^ East 

In order that the reader may have an additional reminder of the general 

“S' Cave Wdd 

from c cm/s at th ^ increasing Westerly winds of September i, 1907, 

p t Its direction was actually from a point or two 

metres 

mg example are to be found m the tables^ foi the sounding of April 2, 

^ Cave, loc ut ^ 88 
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1907, which showed an increase from 3 5 m/s at the surface to 22 m/s at 2000 
metres These examples may be compared with those given in the diagram 
representing the West to East components at Aberdeen It is instructive to 
speculate as to what is the d6nouement of the story of which these very rapid 
increases with height aie the beginning So far as soundings with pilot- 
balloons are concerned we know that the story is geneially brought to ^ 
mature conclusion by clouds or by the balloon being carried out of sight on 
account of distance, but there must be a development in the upper regions 
which IS of considerable interest and may ultimately be ascertained If the 
increase goes on at the same rate a velocity of the order of too m/s would be 
reached at 9000 metres That would be beyond any of the known measure- 
ments of the velocity of clouds at 
any level though very high velo- 
cities were measured by means of 
pilot-balloons in the region of 
Spitsbergen The soundings at 
Aberdeen, represented in fig 4, 
suggest that the rapid increase of 
velocity IS replaced by a corie- 
sponding decrease not very far 
up, but the mechanism of such 
a process is difficult to formulate 
Still It must be remarked that the 
curves which we have put before 
the reader show every kind of 
change in eveiy type of sounding , 
they differ from the extreme cases 
that seem almost unnatural only 
in degree, not m kind 

For the next stage m the pre- 
sentation of what we know about 
the winds of the upper air we 
select the layer between the levels 
of yi kilometres and i2| kilo- 

metres The range of height is specially interesting because m nearly all 
cases It covers the transition between the troposphere and the stratosphere 
For the information we rely again upon the observations recorded m Captain 
Cave’s book We have put together m a pair of diagrams all the observations 
which extended over the range of levels mentioned A noticeable feature 
of these observations is that there is as a rule very little change of 
direction and when a change of directiofi is noted it is irregular and may 

be called wild , , , 

We have therefore presented the diagrams showing direction and velocity 

for this stage instead of the two components employed for the other 
layers The results are particularly noticeable because the wind- directions 
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9 Rapid increase ol wind-vclociLy with 
height (Ditcham, Sept i, 1907) 
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group themselves very cleaily about the directions NNI*), SHE SSW 
and NW 

Whethei this grouping is fortuitous depending on the peculiar circuni- 



Fig 10 a Stiucture of the alinosplieie above 7<,oo iiK'lies, ,it 
Diicham I’aik (Cave) Veloeily 


The numbers, assigned lo the lines 111 the duigr.uns give the dates of the ohsiss.itimis 
as follows 
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stances wl^n a balloon had been followed to such great heights 01 whether on 
the other hand it indicates some general propeity ol the air-currcnts at those 
levels It IS not possible to say without further investigation 

With regard to the curves representing the variations of velocity with 
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height, the fust pomt to notice is that in many cases the velocities are uni- 
toiinl} small About one-halt ot them are within lo m/s This is paitly to be 
accounted tor by the fact that small velocities make observations possible for 
gieat heights and paitly because the winds aie light, even to gieat heights, m 
many cases when the sky is tree from clouds Those winds which show an 
mciease ot velocity fiom the level of 7^ kilometies upwaids geneially carry the 
mcie*ise to a ceitain point and then show a marked dcciease The level at 
which tl^e decieasc commences is dilleient on dilTcient occasions It is at 
n kilometies on July 30, 1908, and on May 6, 1909, at ii^ kilometres on 



July and July 29 and July 3 1 , 1908, at 12.J kilometres on Oct i, and at 13 J 
kilometies on Sept. ?o, and Oct 2, 1908 'I’lus falling off may be accounted 
for by a change in relation of piessuie and temperature between the tropo- 
spheie and stiatosphcrc and it occurs at different heights m consequence of the 
vaiiation in the luiglit ol the tiopopause, to use a woid which the glossary 
of the Metcotological Office gives loi the boundary between the two. In the 
troposphere above the first kilometre level high pressure is associated with 
high temperature but in the stratosphere high piessure is maiked by low 
temperatuK*. A formula lor the variation of wind with height which associates 
the falling off of the wind with the reversal of the temperature-gradient m 
relation to the prcsHurc-gradient within the stiatosphcrc is given later m the 
next chaptei . 
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We have now set out the problem of the variation ot wind with height in 
those regions of the atmosphere which are at present regularly accessible to 
modern aircraft and in the layer of five kilometres immediately above them 

wfwillIL^tlV possibilities in respect of explanation 

we will add two remarks First, we have relied for our illustrations unon 
discussions published before the modern development of aircraft and Ae 
corresponding development of meteorological observations designed paitly 
though not entirely to aid aerial navigation We have now a gteaf accumula- 

Ind m ?h r observations of pilot-balloons with a single theodolite 

and in that respect we are much better endowed than we weie It is now 
possible to approach the solution of the problem of the structure of the atmo- 
sphere by rigorous statistical methods, but before that can be done with any 
prospect of Its leadmg to an insight into the dynamical and physical conditions 
we want some guidance from general meteorological principles as to the 
manner in which the statistics should be classified In face of the great variety 

whit X statistics is not likely to lead to satisfactoiy results Mean- 

while the simple inspection of the data as they accumulate has added little to, 

befor^tbr H "" complexity of the problem which is put 

before the reader by the examples which have been selected, 

becondly we have drawn our illustrations of individual soundings from 
have been drawn to represent the general features of 
atmosphere disclosed in the soundings by giving the 
values at definite intervals of height, generally at each half kilLetre The 
interva of looo feet is usual in the reports from the vaiious Services As the 
original basis of the curves there are the observations of the balloon for each 
minute which, if included individually, would superpose upon the diagram a 

which are well represented by the plotting of the individual points in the 

twT T'h ^^^^^tions may be real or 

^.ItT T ^ Ilf incidental errors of observation of the 

altitude or the fluctuations in the rate of ascent of the balloon They make the 

Zl of T*'"" eye as a ^sotw: 

account of the observations, somewhat uncertain, but, once more, whatever 

may be the details of the fluctuations the mam features remain We mav 

explain by minor variations of this kind some of the irregularities shown upon 

a synchronous map of the results of many pilot-balloons but the fluctuatiLs 

w ich are indicated in our diagrams are real and they call for explanation 


CHAPTER VII 


The relation of the variation of wind^ tn the upper air to 
the distribution of temperature 


Wf have leasonablc ground for supposing that the winds in the uppei an arc 
closely related to the distribution ol prcssuic, and, in turn, the vauation m 
the distribution of pressure at different levels is dependent upon the distri- 
bution of temperatuie, accoidmg to the ordinary foimula for the \ariation of 
pressure with height On the principle of the first law of atmospheric motion 
we can put into algebiaical fotm the relation between the changes of wind with 
height between successive levels, as set out m the previous chapter, and the 
distribution of temperature in the mtcivcning layei 

A formula for the variation of pressure-gradient with height which in 
difteiential form may be written 



(where s is the horizontal pressure-gradient, q the honzontal tempciaturc- 
gradient, 9 and p the temperature and picssuic, and q and p have the usual 
signification) was given m less conventional form m Journal of the Scottish 
Meteorological Society^ The formula is deduced fiorn the ordinary equation 
for the variation of prcssuie with height 



(t)» 


combined with the chaiactenstic equation foi a peimanent gas 

PIO- Rp , (2), 

to these we may add the defining equations 

5 dpjdXy q ^ dSjdx (3) 

Tt should be noticed that .s and q have negative signs when the horizontal 
gradients of pressure and tcrnpeiature are taken as positive m the direction of 
falling pressure and falling temperature 
From (3) by differentiation we have 

ds ^ d^p _ dp 

dz dzdx ^ dx * ( 4 )> 


and from equation (2) 


dp dp d 9 
p ^ p e ^ 


^ Sliaw, 'Uppei Air Calculus and the British Soundings during the International week, 
May 5-10, 19x3 ' /ow boot Mel Soc ^vol xvi, p 167, 191^ 
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whence the change ot pressurc-grachent willi height 

(Is , I do I dh 

dz \0 dx p dx I 

^'■(1! ;)■ 

To obtain numerical values wc substitute fut p, p;{H0) 

(Is f! {>.q 
dz R'OXo'pJ- 

Taking^ as 981 cm/s^ and R, lor dry air, i Hdy 
for the equation in c c; s. units 

or if the variation be expressed in millibars per metie of height, ami g..ui» nts 
m the variation over 100 kilometres, we get the rate of itie.ease of piesHu.e- 
gradient per metre of height in millibaia per hundred kiloiiiettes 

^ H U“) Pj • 

where e represents the tercentcaimal temperature, P the piessui e m imlhbaiK, 
6 the horizonta pressure-gradient in millibars pet hundred kilonu-ttes. a„d 
Q the horizontal temperature-gradient in tercentesimal 01 eemigia.ie degrees 
per hundred kilometies. For our present purpose vie tuav di^t'-gaid the 

nioistme in the atuiospliere. I-or 
air saturated with moisture at 273a the constant ,« 2-876 . o- instead of 

satiirn^ ^ ^**‘^*“'* ‘'"’K*’ "f 

turation arc sufficient for the upper air and as the difleiences in R me ouite 
negligible in comparison with the uncertainties in the determinaiitin of wind- 

employed in the paper referred to for the purivose of ex- 
p ining the dominance of the stratosphere in the tfistribmion « f oressme 

‘‘S w I? "0™al at the level of 9 kilometres and at the ground 
He had obtained results ranging from 0-6-7 *u.. 1. . . «"”**“'■ 

hundred soundings on the continent to o 8tt f ^ i- 5*vaihil>le set of a 
for the winter season » L Knglmui grouped 

the normal are of the same order ?f deviations of pressure ftom 

.able standard d 

Level xa kilometres 7 ‘ 

Standard deviation in millibms 1,0 , 1 . ^ 

t(P / 
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HIE DOMINANCE OF THE Sl^RAlHSPHERE 8 i 

I hat IS to say at all levels within the tiopospheie piessnre is subject to 
clianges ot the same older ol magnitude m spite ol the gieat difierence m the 
normal values at the top as coinpaied with the bottom At the same time it was 
noted that tlie correlation coefficient between the deviations of pressure at the 
suiface and ol the mean temperatuie of thcy-kilomctie column was small , m 
othei wouls the mean tempeiatuie of a column ol the atmospheic m the 
troposphcic, between the smface and the level ol 9 kilometres, has little to do 
with the geneial distiibution ol pressuic ovei the country Its eftccts mav be 
legauied as occasional and local 

I Ins aspect of the sub|ect, which is of special intciest m connexion with 
the explanatmn of tlie general cu dilation ot the atmosphcie, was fiist lefeued 
to m the official preface to W H Dines's repoit, and the equation which we 
arc now considering afToids a satisfactory explanation of the position It is 
certain tliat the distribution o( piessurc at the uppci levels, of which that at 
9 kilometres is taken as typical, is transmitted to the surface and defines the 
thstrihution theie, subject to any vauations caused by the distiibution of 
density of the air ot the tropospheie, between the level of 9 kilomctics and the 
surface, in c<msec|uencc of the variations of pressure and temperature The 
ec|uation (S) demonstrates that these vauations are not likely to be large foi the 
region of the British Isles because accoiding to Dines ks results Q and S are of 
the same sign throughout the tropospheie except m the lowest layer of one 
kilometre and N/P will depend upon the numerical dificience between 

the two ratios Between giound-Ievel and 9 kilometres B may be said to vaiy 
from alnmt 280 a to 220 a while P vanes from 1010 mb to 300 mb ; thus the 
denominators ot the two terms vary veiy difleiently within the lange of levels 
which has been specified; that for pressuic is reduced loughly to one- third 
of its sca-levcl value, while that for tempeiatuie is only icduccd to thiee- 
quarteis of its sea-level value, (kmscquenlly, between the 9-kilometrc level 
and the surface, S/P runs tluough a consideiable range of values on account 
of the variation of the denommatoi alone whcieawS ()/B icmams comparatively 
steady. Hence for a consideiable langc of values ol B and P it is likely that 
somewhere l)ctween 9 kilometies and the surface the difTeience Q/B S/P 
will be zero. In that case there will be positive values in the lower region and 
negative values m tlie upper region: and the efTect of the whole troposphere 
will be small. 

Thiaaccoids with our knowledge of the i6gimc of winds If the pressure- 
gradient remained constant throughout the vertical height from the surface to 
the level of 9 kilometies the product Vf> would he invariable, the velocity of 
the wind would increase in invcise pioportion with the change of density so 
that the mass of air passing would l)c the same at all levels as EgnelP and 
Clayton* were led to suggest from observations of clouds We have seen that 
the actual wind sIk^ws almost every kind of vanation with height but on the 

* Cinupies c wwup ‘ Inlet natioiuil Cloud Opcuitions/ TiuppcM, 

lHt|6 / 

* Mi / 7 ii (if lf*htgmphy (HiUidf McNally ^ Co ), p 81 
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average perhaps less increascin the ui)pci lavcis than that eoi u‘h|)<nHhng with 
a unitorm gradient 

The variations of gradient between z 5kikmictHS and 7*c; kihnnetiCH may l)e 
legal ded as depending mainly on the distulmtion of teinpeiatiiie htHause t!ie 
distribution of pressuic is directly lelated to the distiilnition of tciupciatiiie 
Hence we may icgaid the distiibution of wind in the veitical an ouhnanly 
controlled by the distribution of ternpciatuic, allowauic being luaile fm those 
cases in which the winds arc affected locally by thennal tonvec tion Such cases 
are not likely to be disclosed by obsci vations with pilcn-balloons beeause the 
thermal convection which pioduces the distiiibance is likely to cause cloud 
and terminate the sSounding 

From the equations aheady given combined wath the equation lor the 

geostrophic wind, i/( 2 w sin ./.) .. {(;}, 

a foimula can be obtained for the vaiiation of wind with hfigbt 

Thus, from equation (G’), taking © tiie toinponent of velocity pai allcl to the 
v-axis drawn noithward. 
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The equation has been put also into other eipiivalent foims a« 
dv V do • ^ q 

dz 0 dz 2w sin <p 0 

and ^ , <?/» (!\ 

vdz e\dz^R0s) 

The corresponding equation foi a wind along the a-ii'cis will he 

_ I (dp do do dp\ 


s dv 

V 

dv 

dz 


dz! 

p X 2(4) Sin </u 
dp 

Uz 
do 

' dz 


I s 


d0\ 


dzj 

do dp\ 
dx ■ dzJ 


■•( 50 - 

■ ■(sO. 



CONDITION FOR NO VARIATION OF WIND WITH HEIGHT 83 

because tf the pressure intr eases to the northward with increasing y the corre- 
sponding change of wind will be from the east We have referred the formula 
to an ;r-axis diawn eastward and a v-axis drawn northward because this reso- 
lution into components is required for computing the variation of direction 
with height The equations may be taken as applicable to any direction of the 
wind if they-axis be taken at light angles to the lun of the wind and drawn to 
the left 

The several forms of equation cannot be applied generally to the numerical 
evaluation of special cases of the vaiiation of wind with height in the free air 
because the individual values of the horizontal gradients q and s and the lapse- 
rates {dd/dz and dpjd^) of temperature and pressure are not known We could 
compute the horizontal gradient of piessure from the wind and the lapse-rate 
of piessure can be taken from noimal values without any serious erior So 
also can the value of p because that depends upon the ratio pjd which shows 
as a lule very small variations from the noimal for the month, they seldom 
exceed five per cent and are generally much less often within one per cent ^ 

For the layers near the surface we have observations of tempeiature at the 
ground-level from which we can form an estimate of the horizontal giadient 
that may help us to deal with the relation of wind to the distiibution of tem- 
perature at moderate heights and this part of the subject will be treated in a 
subsequent chapter 

And for the free air we can use the observations of variation of wind with 
height obtained by means of pilot-balloons to compute the values of q at 
successive levels with the undei standing as to using normal values of 9 and 
pjd Before doing so we must note an interesting application of equation (5) 
made by W H Dines ^ 

He has shown that on the basis of the first law of atmospheric motion 
there will be no variation of wind with height if the isobaric surfaces 
are also isothermal The demonstration follows directly from equation (5) 
because the conditions prescribed may be expressed m the form that the 
variation of pressure m any direction is propoitional to the variation of tem- 
peiature so that dp dp dp dd dd dd 

dx dy dz dx dy dz ’ 

and m that case the quantity vuthm the bracket of equation (5) becomes zero 
It should be noted that this condition for no vaiiation of wind with height 
IS satisfied where the atmosphere is uniformly isotheimal Mr Dines’s de- 
monstration IS as follows 

Let ABCD be a vertical section at right angles to the gradient wind, AB 
and CD being sections of the isobaric surfaces, and AC and BD vertical 
straight lines (fig i) If ^ be the gradient wind — le the wind at right 
angles to the paper — then the tangent of the slope of AB is 

2CJ0V sin (p -h v^/r g, 

for 2CJ0V sin </» + v'^jr is the horizontal acceleration and ^ the vertical Similaily, 

1 See Part i, chap ii ® Nature, vol xcix, p 24, 1917 

6 — 2 
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the slope of CD is 2o)V sm cf> + V^jr g If, then, v is greatei than F, BD 
must be greater than AC Now the pressure-difference between A and C is 
equal to the pressure-difference between B and D, since AB and CD are iso- 
baric lines , and since the corresponding elements in the two air columns AC 
and BD are of equal pressure, and the density m BD less, the temperature in 
BD must be higher than that in AC That is, if z; be greater than F, then t is 
greater than T Or if z; is the same as F, t must be equal to T, and the lines 
AB^ CD are isothermal as well as isobanc 

An important conclusion of a very general character follows immediately 
from this proposition If the isobaric surfaces are also isothermal a vertical 
cross section of the atmosphere will show lines of equal pressure and equal 
temperature having the same slope m the region where there is no variation 
of wind with height In any part of the section where the slope of the iso- 
thermal line IS steeper than that of the isobanc line the wind will increase 
with height and where, on the other hand, the isobanc line is steeper than 
the isothermal line the velocity of the wind will dimmish with height By 



grouping together a large number of observations of pressure and temperature 
at all heights up to 20 kilometres W H Dines ^ has constructed a diagram 
representing the mean distribution of temperature in relation to pressure at 
different levels in the upper air, from which it appears that the isothermal 
lines in a vertical section reach a maximum height in the highest pressure and 
a minimum in the lowest pressure In these regions the isothermal lines are 
parallel to the isobanc lines and there is no variation of wind with height, a 
conclusion which is supported by observation so far as the facts go Elsewhere 
the isobaric lines are distinctly more nearly horizontal than the isothermal 
lines Hence it follows that in a region between high pressure and low pressure 
the wind in the successive layers of the troposphere should in normal cir- 
cumstances show an increase of velocity with height 

We may assign a numerical estimate of the application of this proposition 
by using the average results for piessures, temperatures and densities at 
different heights, taken from Dines’s diagram, as given in the Meteorological 
Glossary^ and assuming the differences of pressure there given to be 

Phil Trans , vol ccxi. A, p 253, 1911 The diagram m anotliei form is reproduced in 
Nature, vol xcix, p 24, 1917, and Proc Roy , March 10, 1916 
2 M O Publication, No 22 5 ii, s v Density 
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distributed over a horizontal stretch of 1000 kilometres which would represent 
a piessure-gradient of 5 mb per hundred kilometres Substituting the values 
thus obtained m formula (5 a) of this chapter we get numerical values of the in- 
crease of wind-velocity with height under the prescribed conditions as follows 


Normal increase of wind-velocity at different heights 

UNDER THE NORMAL CONDITIONS OF TEMPERATURE FOR 
A SURFACE- GRADIENT OF 5 MB PFR 100 K 


Height in kilometres 1 2 3 4 5 ^7 

Normal increase of velocity per) ^ 28 31 34 38 36 

kilometre in metres per second ) 


The application of the equations to the approximate evaluation of the 
honzontal gradient of pressure and temperature, assuming uniformity of 
change over a whole kilometre, is given m Pnnapia Atmosphertca'^ and further 
developed m a paper before the Royal Meteorological Society* Tables foi 
facilitating the calculations are given in the sect ii of the Computer s Hand- 
book^, § 3 

The calculation proceeds from the formula, 

P /A© AP\ 

change of pressure difference for i kilometre, Ar = 34 2 0^^Q p j > 


wheie A© is the change of temperature per hundred kilometres and AP the 
corresponding change of pressure and for the wmd-velocity at any level 


V= - ^ ,pAP 

20) Sin (f) F 


Taking the components C 7 , from W to E , and V from S to N separately , 
we get for the components ot piessure-difference at any level 


and 


~ KQ^’ 
AwP = 0 


where K represents P/(2w sin (f>), 

difference % ( 

An© = p ( 



and foi the components 

A'n ^ 0 + AnP) , 

34 ^ ' 

X © + AwP") 

342 J 


of temperature- 


0/Pand 0 are taken from tables and the calculation is applied to the change of 
wind-velocity in successive kilometres It is only properly applicable when the 
rate of variation of wind- velocity is umform over the range, and the precise 
point at which the computed value of the horizontal temperature-gradient is 


^ Shaw, Proceedings Royal Society of Edinburgh, vol xxxiv, p 77, 1914 ^ 

2 Shaw! (The Interpretation of the results of Soundings with Pilot-balloons, Q J 
Met Soc , vol XL, p 1 12, 1914 

3 M O Publication No 223 
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operative is rather doubtful Still the computations thiow a coiisideiahle 
amount of light upon the way in which difleient disti ihiitions ot teinperatme 
affect the structure of the atinosphci e and the gcneial conclusions to he tiiawn 
liom them are not unreasonable 

Six cases are given in detail in thepapci on the intcipictiilion of the icsults 
of soundings with pilot-balloons 'I'liey tleal with the souiulings which wete 
selected by Cave foi illustiation in his hook hy photogiaphs of models. 'I'he 
details of the computation of an additional case lepicsentmg an upper wind 
from North West crossing a lowci wind fiom South We.st aic given m 
Pnnapia ‘ItmosphcrKa, and also in the (Umtputrt's Ilaitilbtmk. 

The final result of the computation is to ciiahlc us to calculate the distance 
between consecutive isohais and consecutive isotheims at tlu* seveiai levels 
and to deteimmc also the diiection of the isohai anti the isotlieim Hence 
we can draw for each level the positions of two consecutive isohars ami two 
co.nsecutive isotheims which give iia an index of the distiihiition of pressute 
and tempeiature at the seveial levels which aie m aceoid with the ohserveti 
changes in the wind 


I he lesults foi four cases aic given in the diagrams ol figuie 2. 

From these diagrams we may dtaw ctitam mfciences. On Septemhei 1, 
ipo?’ stai ting from tile sui face-wind of i;*!; m^s liom 21; East of N'oith 
there was a backing to a wind of 4-5 m/s from 290' at i kilometie and thete- 
after a lapid increase comhined witli hiicking until the wind was 16 m/a from 
270" at 4 kilometies, the air was always coltlei towaids the Nmtli. hut the 
tcmpeiaturc-gradicnt points towards the West of Noith except between one 
and two kilometies wlien the gradient was towaids the North Ivast. (C’haii 
VI, fig 9 ) 

On Apiil 29, 1908, when the wind giadually changed from a light wind 
from South West at the suilacc to a stiong wind fiom North West at 6 kilo- 
metres, the temperature-gradient was towards the Noith East except between 
one and three kilometres and generally the fall of teinperatme to the North 
tast was rapid I he isotherms giadually drew from being across the wind at 

the surface to being nearly parallel to the wind hetween five and six kilo- 
meti es. 


the wind changed from BHE at the surface to 
bW with regularly increasing strength fiom eight kilometres upwards the 
gradient of temperature was gcneially towards the West with a good deal 
of variation in direction between SW anti NW until the sixth kilometre was 
t-eached when it ranged itself according to the pressme gnuiient. 'Hie two 
steps four kilometres to five kilometres and five kihimetres to six kilometres, 
Show the isotheims across the isobars with the wind blowing directly towards 
the colder region. (Chap vi, fig 6.) 

Ir,w 2 f changed from South Itast in the 

’V giadual diminution through calm, hetween three and font 
kilometres, to Noith West with regular increase in the upjier lavers, the 
temperature-gradient was generally towards the Noith East with si notable 
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Fig 2 Diagrams illustrating the relation of changes m wind with height 
to the distribution of temperature in successive layers Separation or con- 
secutive isobars and isotherms computed from the observations represented 
m figs 6, 8, and 9 of chap vi, with an example of a NW wind m tne 
upper air crossing a SW wind at the surface 



Within each circle is a plan ol consecutive isobars and isotherms lor the 
m kilometres bv the figures on either side of the diagrams In each plan the pan of full lines 
in kilometres oy g through the point of observation and the isobar for a 

represent the isobar lines itpiesent the isotherm which passes thiough 

SrZnt o ^bseSn an? tZisXrm of the^ next higher degree on the centigrade or 
tercL esiill (absofute) scale The radius of ^ach circle represents 250 kilometres 
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exception between five and six kilometres when the isotheims crossed the 
wind and with one exception also between two and tin ce kilomcti es when the 
temperature-gradient pointed neaily West (Chap vi, hg 8) 

The study of these diagiams suggests to us the desii ability of legarding 
the influence of the distiibution of tempciature as aflccting the tiansnussion 
of pressure downwards fiom above, not as we aie accustomeil to think of it as 
building up the piessuie-distiibution in the uppei an , because we recognise 
that when we have got to the top of our building, the diflerencea to be accounted 
for aiejust as great as they were at the stait We should look upon the distii- 
bution of pressure at the suiface as being modified in its tiansmission from 
above by the temperatuie of the aii , the motion of which has to be conti oiled 
and maintained by the distiibution of piessuie at the successive layeis 

In accordance with a suggestion of Lieut -Col. ( loki > we may consitiei the 
general principle that the wind at the top of any layei difleis fiom the wind at 
the bottom of the layer by a vectoi component depending ujion the distribu- 
tion of tempciatuie within the layer which we may call the thermal wind. 
Thus the top wind is the geometrical sum of the bottom wind and the theimal 
wind lor the layer The student may build up a woiking idea of the vaiiation 
of wind with height by habitually forming an estimate of the theimal wind 
when obscivations of tempciature are available, or, vuc versUf by noting the 
difference between an upper wind and a lowei wind he may obtain the 
thermal wind and hence a working idea of the theimal atructuie of the 
layei But this method lequires the bottom wind to he coriected in the ratio 
of top tempciature to bottom temperature 

If on the occasions of the soundings with pilot-balloons which are repre- 
sented in these diagrams wc had been fortunate enough to have oliset \ ations of 
temperatures at a sulTicicnt number of stations to give a tiustvvorthy measuie 
of the temperatuie-gradientin the immediate locality we might have subjected 
the conclusions to the direct test of observation We have not vet reached 
that favourable position Observations for this puipo.se require a high degree 
ot precision. The tempcrature-giadients indicated seldom amount to moie 
than one degree in a hundred kilometres and ohaeivations at different stations 
by means of ballon-sondes do not claim higher accuracy than a degree, so that 
temperature-gradients obtained from the lew stations m the British Isles 
which are occasionally available can hardly be regarded as final evidence of the 
horizontal-giadient of tcmpeiature for levels within the troposphere where 
Ae isotheima surfaces aie very nearly horizontal But the direct comparison 
would certainly be interesting and it is much to he regietted that the occasions 
of simultaneous observations with ballon-sondes and pilot-balloons are so few. 
thP consider the results obtained by the calculations in 

the light of our knowledge fiom other sources bearing upon the ciuestion. 
We have already mentioned that for levels above four kilometres W H. Dines 

correlation between the deviations from the 
normals of pressure and temperature obtained by the soundings with ballon- 

' M 0 CotroHponilemo, ifii/, ipiH, 
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sondes That relation would be explained if the temperature-gradient at each 
level were always along the line of the pressure-gradient and proportional 
thereto, that is to say if the isotherms were parallel to the isobars and at a 
propoitionate distance apait It is theiefore inteiesting to note that m all the 
diagiams there is a veiy definite tendency for the isotheims to become parallel 
to the isobars especially m the upper levels There aie only two examples of 
a temperature-gradient nearly opposite to the pressure-gradient, those are 
between two and three kilometres on Apiil 29, 1908, and between one and 
two kilometies on November 6 But there are a numbei of cases in which 
accoiding to the computation the isotherms aie at right angles to the isobars 
These maybe due to errors m the data upon which the computations aie based, 
but if they are real they may be useful in explaining atmospheiic piocesses 
It was pointed out m Principia Atmosphenca, for example, in discussing the 
case of Apnl 29, 1908, when a surface-wind from South West was passing 
under an upper wind from Noith West, that the South West wind had its 
temperature-gradient to the North East and the current as it went forward 
was continually replaced by waimer air which passed under a layer in which 
there was no corresponding change of tempeiature, that state of things must 
ultimately result in instability which is characteristic of the South-Westerly 
wind of an advancing depression, and the process, which would eventuate in 
rainfall, is inevitable if m consequence of the distribution of temperature 
beneath it the gradient for North-Westerly wind is transformed into a gradient 
* for South-Westerly wind neai to the surface This case happens not infie- 
quently when a low piessurc system is passing away to the North Eabtward 
and IS followed by anothei depiession The South-Westerly wind of the com- 
ing depression appears fust at the surface while the North-Westerly wind 
lemains at the higher levels 

On the other hand the cases of isotherms transverse to isobars m the upper 
air may be indications of local variations of temperature that arc the result 
lather than the cause of convection, or local inversions of the lapse of tempera- 
ture due to pressure changes in the stratospheie 

An example of a complete reversal of wind- velocity with height which may 
be accounted for by an inveision of lapse of temperature is given in Pnnapta 
Atmosphcrica from a sounding by J S Dines at Pyrton Hill on October 16, 
1913 ‘‘On that day there was a sudden change of wind between 1100 and 1500 
metres height from a fairly steady wind from neatly due south into one almost 
as steady from due north, the change being accomplished within half a 
kilometre For the layer between 500 and 1100 metres the analysis in this 
case shows a tempeiature distubution in isotherms nearly north and south 
with the waimer aii m the east and above 15^0 metres an entirely different 
distribution with isotherms neaily east and west and cold to the northward 
The intermediate layer 400 metres thick showed a very rapid increase of tem- 
peratui e to the west as much as C per hundred kilometres 

“The complete airest of the upper northerly current and production of 
a calm by the annihilation of the gradient between 15^*^ metres and tioo 
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metres is vety remarkable but nevcrthcleas a iciil (act. 'I'he accompanying 
temperature diffeience is probably due to a stiong ‘mvcision’ at a height of 
about 1500 metres at the place of observation and at about 1 100 nieties at a 
place too kilometres distant to the west. On that occasion it lasteii ioi some 
time, as it was found an houi altei wauls by a second balloon ; but it must be 
remembered that it was a legion of no velocity and theieloie the waiin and 
cold airs at those levels were not moving ” 

Such a distribution was by no means impiohiihle on the day of the oh.sei- 
vation The land aiea ol England had been coveted hy cold an above which 
theie was probably an inversion as there is above a fog. 'I'lie moining ohsei- 
vations for 7 a m showed a tempeiatuie of 38" at Nottingham with fog, and of 
39° at Bath with blue sky While London had a temperatuie ol 50 , 'V'ai mouth 
50" and Pembioke 1.7" The wind at Nottingham at that hour was liom WSW 
but NE at Bath and ENE at Pembioke. 

The conclusion that in the upper air the isotherms aie geneially [laiallel 
to the isobars and the gradients of pressure and temperature at the.sevcial 
levels propoitional is interesting from the hearing that it has upon Egnell’s 
or Clayton’s law of the variation of wind with height. We have seen lliat the 
law requires that the piessure-gradients should he the same at all heights and 
from equation (S) the condition becomes 

dd/0 dpfp. 

We have seen that on occasions tlic wind shows continuous incieaae with 
height fiom the North, fiom the South anil fioin the West, vety nuely 
from the East We may expect the law to he veiified iheiefore by winds fiom 
South, West 01 North; if it is also venficd for winds fiom the Hast it would 
.confirm a conclusion at which W. II. Dines had atiived on other grounds 
that theic are no piefercnces for direction of tempeiatuie-grailients in the 
upper air In the lower layers the circumstances under which temjHTatuie 
increases to the North (the condition requited for the maintenance of the 
pressure-gradient in an Ihisteily wind) are very rare and peculiar hut in the 
upper air the lule of proportionality of tempeiature-diflerenee to piessure- 
difference is quite general and an liasterly wind increasing with height ought 
not to be legaided as out of the question at those levels. 

The direct relation of the gradient of piessure to the gradient of tem- 
perature which is normal in the ttoposphere is reveised m the stratosphere, 
that is to say high pressures arc cold in that region as compareil with low 
pleasures In that case Ql(“) takes the negative sign when .S'//’ is positive ; and, in 
consequence, the gradient of pressure and the wind-velocity must fall off with 
height. We have noticed that there is a tendency for the wind-velocity to fall 
off m the stratosphere The diagram in fig. io«, p. 76, shows six examples 
From the measurements of the change of wmd-veloeity the gradient of 
temperature just above the base of the stratosphere has been computed by 
formula (5 h) as shown m the following table*: 

^ Pm Pay Inst Manh lo 
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'I’lie lUiys ui July l\t‘l(>ngcd to the mtci national week upon which soundings 
weif iiiiulc with hallon-soncles at thiee stations in England, one in Scotland 
and one in lieland h'oi July 27 and 29 enough balloons weie found and re- 
turned to give the inateiial lor constructing the models which are lepresented 
m chap n ol pait i, and from the models the tcmperatuie-gradient can be 
detei mined with some confitlenec because in the stratosphere the isothermal 
sui faces aie more neat ly vertical than hoi izontal 'The horizontal temperature- 
gradient as detei mined by measurements of the model is 3 3a per 100 kilo- 
met les whicli agrees exactly with the value computed fiom the change in wind- 
velocity. 'I'he exactness of the agreement is doubtless fortuitous but it is 
interesting to st'c that icsults of the same order of magnitude are given for the 
other days fot the values computed fiom the change of velocity and on the 
only other occasion available foi the obseived value of the hoiizontal gradient 

of temperatuic . 

If the falling off of velocity in the stiatospherc follows the distiibution ol 
temperature, as it apparently docs m fact, it would also folloVv that the wind- 
velocity and with it the piessuie-gradient would become zeio within a few 
kilometres. Looking at the diagiam of fig. loa, chap, vi, it would appear that 
zeio velocity and therefote zero giadient would be leached at 13 kilometres on 
July 2S, 1908, at 14 kilonieties on July 29, 1908, and May 6, 1909, at 15 kilo- 
metres on May 7, 1909, at if» 5 kilometres on Sept 30, 1908, and at 17-5 kilo- 
metres on July 31, 1908. If we suppose the tcmpciatures in the vcitical to 
remain uniform beyond these limits, as temperatuie is usually neaily uniform 
in the vertical within the stratosphere, we must conclude that the pressure in 
the warm column over the “low” will dimmish more slowly than that in the 
cold column ovei the “ high ” I lence above the level of no gradient and no wind 
there will be a new region in which the high is warmer than the low and the 
wind will be reversed in diiectum and giadually increase in magnitude as the 
heights incieiwe until some change takes place in the distribution of tempera- 
tine. 'rims at grea* heights m the stiatospheie an incieasing Easterly wind 
may he found above a Westerly wind in the troposphere and so on foi the 
other directions Cave' has noted an interesting case in which a Southeily 
windlx'gan to show at 48,000 ft. inci easing to 44 miles per houi from the same 

direction at «;8,ooo ft» . i « 

It may heie he recalled that as a result of the inquiry into the phenomena 

due to the eruption ol Kiakatoa in August, 1883, an Easterly wind of about 

i M () rorwpondenf loiH 
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80 miles an hour was identified in the e(|uat<)iial regions' Veiy high velocities 
for veiy high levels arc sometimes indicated hj the luminous tiails ol meteois''* 
From the examples which have been given it will he seen that the hvjio- 
thesis of an atmosphere in which the wind-velocity is noimally adjusted to 
balance the prcssiire-disti ihution enables us to explain many of the useei- 
tained facts that have been disclosed by obseivations ol the tippet air Among 
them we may lecall the conditions for change of wind-velocitv with height, 
the gcneial arrangement ot pressure-distribution accouhng to tenijiciature- 
distiibution in the uppei layers of the tioposphere, thed.iIHng ofl of wind in 
the stiatospherc and the change of wind over an "inversion ” It also justifies 
us in regarding the stiatospherc as the dominant region ol the atmospheie so 
far as the distribution of pressure is concerned. 'I'he fendenev of meteorologi- 
cal study in the past has been to regard the stuicture of the atmo.sphere as 
built upon the foundation which wc see laid out at the stiiface. We shall pro- 
bably find fewer difficulties in the path ot the study if we regal d thepiessure- 
distribution at the .surface as controlled by the stiatospherc and only modified 
locally by the irregularities of temperature that are to be found in the lower 
layers The propoi tionality of changes of piessiire to changes of temperatuie 
in the section fiom four to eight kilomcties is probably of the highest signi- 
ficance for the comprehension of the structure of the .itinospheie. 

’ ' The Fiiiption of Krakdtoa and Subsoijnciit rhiTtoniona * Urfuiti iht hpdhiiitm 
Committee of the Royal Sotwty, rHHH, pp I ^ ^ 
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CHAPTER Vm 


Wind at the ^oo-metre level and premire-distnbuhon at the sea level 

For many years it has been the practice of the Meteorological Office to 
notily the diiection and velocity of the geostiophic wind at the suiface as the 
licat available estimate ot the wind at the level of 500 metres 01 1500 feet 
Subsecpiently the result ol the computation was notified in slightly different 
form as the probable wind at tiom 1500 to 2000 feet I’he practice originated 
with a request from the Ordnance Committee for an estimate of the diiection 
and velocity ot the wind in the upper air tor experimental work at Shoebury- 
ness 'I'he letiuest came about the ycai 1905 just at the time when Gold had in 
hand the material foi his leporl on Baiometric (Jradient and Wind Force, and 
had found pi actical agreement on the average between the wind observed by 
means of kites at the soo-metre level and the gradient wind at the surface foi 
Oxsholt and for Lindcnberg. 

h'rom that time onward times ot experimental filing were notified and an 
estimate made in the Office of the geostrophic wind with allowance for the 
difference between the time of the maps and the time of filing Eithei by 
accident or design, because wind is only a disturbing element in gunnery, the 
times selected for the experiments were geneially maiked by the absence of 
any notable wind or gradient at the surface, and in consequence there was 
little guidance on the maps foi an estimate of the wind in the uppei levels 
Aftei some years of practice word came that the estimates ol wind in the 
uppei ail were no longer leqiiiied No reason was given, but there isgroundfor 
believing that the Ordnance Committee came to the conclusion that themethod 
ot determining the wind- velocity by the gradient had been tiied and found to 
be not more satisfactory than guessing the upper wind by the traditional 
jiractice of applying a formula to the wind obseived at the suiface. 

It is a striking example ot the manner in which scientific inquiry should 
not be conducted because there was no exchange of views or of experience 
between those who asked the question and those who gave the answer I’he 
question whether in ordinary circumstances the sui face-gradient is or is not 
a guide to the wind at the level of 500 metres or thcieabouts lemamed exactly 
where it was, and a good deal ot time was spent to no useful purpose because 
the opportunity for using the scientific method of checking calculations by 
results and examining the occasions of serious disci epancy was lost, 

'I'he observations with pilot-balloons, which have been set on foot at 
many stations since the inquiry lefcrred to, enable us to take up the question 
again in much more favourable conditions, and the inquiry is still necessary 
because with all the experience of the mtcivemng ten years the geostrophic 
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velocity IS still m ordinary circumstances the hent suggCHtion that the 
Meteorological Office has to ofbi foi tlie wind at to ioao feet foi any 
locality where a direct observation of a pilot-balloon with two fheodohtcH oi 
Its equivalent is not available. 

We propose accordingly to give some attention to tins paitu nlai quehtioiu 
Many desultory comparisons of tlie wind at looo ft oi aotjo tt.» ot at j^oo 
metres with the geostiopluc wind at sea kwel have been made ni the C )fhce 
with the general conclusion that while the agieeineiit ih gootl on the wimie, it 
IS better if the mean gradient ovei a considciable aiea ih eHfimated aiul the 
means of a number of obscivations witli piIot-hallooiiH at the :w*leited levels 
arc taken for the compaiisom 'Fhe diffeience is illustiated hv the following 
figures supplied by J S Dines and E, V. Newnliain : 

Conelciiiou between nut guwlu*nt wiiul *oi<l u » a unel 0 /omm fi o n 

bur single station (b' V N ) (/-i ohsei vaticms in tin wiiHi i «♦! 

bor ihiee 01 mote htations ( I S !)) *‘,0 

'rhe mean ratios^ of the winds, at the levels spenlied, t<t the f^rtc^tinphie 
winds of the suifacc isobars in Ncwnliani’s eoiiipunsctn is np m e.uli ease; 
an allowance for the curvatuie ol the isolnus wotihl make the i.itio still 
nearer to unity. But even with this modification theie an* iHiaHinin. on which 
thcobserved winds arc not in agreement with theconiputed winds. To fiunish 
a icply to the definite question whether the winds as ofiseived h\ jiilot- 
balloons at certain meteorological stations near the mast weie in .lemui witli 
the giadient, Captain Cave made an investigation tor siv stationn ot which 
one IS on the East coast, one on the South coast ot Iviiglaml, two are iumi the 
East coast of Scotland and two near the coast of Nitrth East England, The 
results are as follows : 

Comparison ot thk winds oiistiRVPn at looom. and atsooi r, witii hip 


GEOSTROPIUC WIND AT SKA LKVKI.: MPAN RKSlIl Th POR SIN, s|'A! IHNs ON HIP 

ICa-st ok (Jrkat Britain por January 
Direction. Deviation from the geostrophic wimi in ’* jwiinis," 
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There is an obvious mode for deviation in the diieetion ot ha* king of the 
actual wind through one or two points which is more proiionn« ed at aooo ft. 
than at looo ft 


1 It should bo noted that tlu* corrolatifm i.itio Itetweiui l»tt i , jj.ito >li I 

from the ratio between thoii mean values whU h mavttelOK* .u -.mall «n lu. »!»» rl,. ...k. 
lation ratio for deviations from the moan valiios is o(|t(.il Ui iiniiv Ho •ttfiriiiut iu ««>ll 
exemplified m the case of the relation of the snrfa.e wind to »lm ^<0,110,4... wind I... «,|ii. b 
W H Dines gives the lorrelation ratio vs Kited tijton j.s. ,dea>n.illoi. , .1 vmilipor) .,ml 

200 at Alnwick, at the former pi, we the riitio of the mean ia|„. 1 1 . «idi , 1 ..nd at the 
latter probably not greater than at 
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Velocity. Ratu) of the observed wind to the geostrophic wind at sea level 

71 to 81 to to I O 111 to I 21 to 

< 7 80 <)C) 1 O to I 10 T 20 I > I ^ 

IVutiUagt fioquiiut of 

(>i)M natitnisat loot) ft 20 iH Xj 18 8 j 9 

tTitagi* fitMjiicniy of 

olHUvatiojisal itHio ft i\ u 155 ^ 4 21 5 

The nu)de.s in this case aie less pinnounced than they arc in the case of 
direction and the higli values for the ficquency of ratios less than 7 at 1000 ft 
and gieatei than 1-3 at 2000 ft sliow that the niasjmtudes included in the 
conipanson weic not in stiictly coinpaiable tonn 

Considcnii}; that we aie dealing with winds in the fiec air the agreement 
as legaids diiection is not good and the lucgulaiities as regards velocity are 
so notable that no gencialisation is possible The results tor individual 
stations aie no nioie satislactoiy than the means for the six 

'i’he results diaw attention to the tact that there are special causes of 
iuegulaiity at stations near the coast and the selection of these stations might 
have been made foi the pin pose of exhibiting the range of irregulaiities to 
which the toinpanson is liable. It would have been better m the first instance 
to choose some place of obseivation which is not affected by these special 
complications. 'I'herc is no place on shore which is free from objection 
It was ihought that the best available selection would be an inland station 
like Hpavon whcie at least the differences depending upon orientation arc 
less niaikt'd than they are near the coast. Of the stations which were available 
the one which seemed likely to give the best observations was South Fain- 
boiough and in conscciuencc the observations for a year at that station were 
examined in the Meteorological Office by II Jeffreys, but it was not found 
poHsilile to classify the observations in such a way as to obtain a satisfactory 
clue to the icginie of the structure of the layer within the first five hundred 
metres by the statistical arrangements which suggested themselves. The 
obseivationa used were those for the early morning about 7 h, a time of day 
when the curve of vaiiation of wind with height as represented m fig i of 
chap. IV, p 29, is in process of changing and perhaps the veitical component 
may be irregular. 'I’he next step in the inquiry seems to be to try a comparison 
foi the simpler conditions of the open sea as soon as suitable observations 
can be obtained. 

'I'he I esults for the land-stations arc tantalising 1 hei e is sufficient evidence 
of relationship to invite endeavouis to reach precision and yet, from causes 
of which pioper account cannot be taken at present by those who have befoie 
them only the baiomctiic gradient and other surface conditions to guide 
them, thm- aie many individual cases for which the departures are so 
large that some means of discriminating between occasions of regularity and 
irregularity aie desirable, 

Eet us now consider some of the reasons for the discrepancies which are 
thus observed and from which we may feel that observations in the upper air 
might be free. We need not revert again to the casual uncertainties of the 
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observations ot wind, and wc do not iiitcml to sa\ iiiou- .ih.iiil ihv dftvnmna- 
tion ot- the gradient except that, ioi olnioiih leasoiis, t!u t oniimtatioii ot the 

wind hom the giadient as shown on ainap has iittle incanuu- when tin- giadu-nt 

IS very slight and iiiegulai oi when a haiogiapli uiih an up. n si de shuns 

notable embioidcry 

We must howevei reiinnd tlie leader that the mnipai isun is made hetneen 
individual estimates ot tin giadient at the siiiiaM and the . ui lespuiuhng 
observations ol a pilot-balloon with a single theudoliie and these lattei aie 
affected by any vertical component that ina\ hapiuii m lu ni the nind at 
the time ol observation Fiom 'I’ahle 11 ol chap, vi ii appear, that \eitteal 
components aie specially Irequeiit within the insi Kiloiiutu' ut lu ight at 
Pyrton Hill Near the sea-toast iiiegulaiities aiising lium tin - tatise aie pio- 
bably still moie tieiiuetU It is also piohalil\ on thisauuunt that | S. Duns’s 
compaiison with the mean value ol u gioiip ol iieighboiu mg ults. nations 
gives a higher con elation ratio than the eompansoii loi smnle .tatiotis. 

We stait from the position that the geostioplm wind i an onl\ he etpetted 
to be in agreement with the undistuibed wiini at its own hwel and at the 
time of the map lioni which the wind is eoiupnted I'oi luinpaiison with 
the observed wind at 500 metres the geostioplih wind as dedin.il lioni the 
distribution of pressure at the suilace leiiuiieh loiieitum. Tin loiirition 
IS by no means negligible. It depends upon the distiibntion ol tenipeiatiue 
and, using the formulae which have been developi d in ill.' pi.wioiis % haptci, 
wc find that near the suiface a horizontal giadient ot tempt lalnte ol i I-, 
per 60 nautical miles 01 0*5 a per 100 kilometief. alter, the eomptileti geu- 
strophic velocity by one mile per hour within 1000 let t ol Iieight \ giadient 
of tempcratuicof that amount from South t.i Noith will add one mile pei houi 
to the component velocity from the West loi looo leet oi elevation ami the 
same temperature-gradient from West to Iwist will make the vn>'’ addition 
for the same height to the component oi the geostioplin wind fmm tlu \oith. 
In the commoner uiuts of this book the effect ol luinzontal giadiini of tem- 
perature upon the gcostrophic wind is as lollows. 


1 loti/DUtuI grurluMit 
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'Phese changes in the components ol veloeitv will appmi .is laige pei- 
centages ol the geostiophic wind computed fiii the .uifa.t if tli.ii wind 
Itself is light II the giadient of temperaluie has the same ou.ntalion *si, tlir 
giadient of pressure and is large enough to give .1 .stcpei slop.* to the iwi- 
thermal surface than that of the isoharic sui lace tlu* g.-ostioplm w iml vdm ily 
will increme with height without change ot iiiieetion and. on the other 
hand, if the orientation of the giadient ol teniperatuti* is oppoiite to that of 
pressure the gcostrophic wind will dvcmisv with height without any iliange 
of direction; but if the orientation of tlie gratiient ol tempeiatuie 1 . ineiiiird 
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to the gradient of pressure at any finite angle the direction as well as the 
velocity of the gi adicnt-wind will change with height 

'The extent to which this correction might affect the comparison between 
the ohscrvetl wind at 500 metres and the gradient-wind is not easily deter- 
mineil A fair estimate foi stations within the general area of the British Isles 
may he foiiiied from the maps of the normal distiibution of maximum and 
miniiiuim temperature ovei the area given m Part ii’- In January there is an 
average gradient of maximum tcmperatuie from Scilly to Cromei m Norfolk 
of j F. in (>o nautical miles, rather steeper at the South-Western end of the 
line, foi the minimum, or night temperature, the gradient is iriegulai in the 
Midland aiul Eastern counties but over Wales there is a gradient of about 
12 F, in 60 nautical miles which would mean a correction of 12 miles an hour 
to the computed value of the geostiophic wind In July, on the other hand, 
the gradients of tempcratuic at night are genet ally slight and 11 regular over 
the inland counties with a fringe of steep giadient from the coast inland 
amounting to more than 15 " F per 60 nautical miles on the East coast, and 
m niidtUe day, according' to the distribution of maximum temperature, 
there is a large area of lugh temperature over the hinterland of England 
fringed by steep gradients towards the coast-lines which is again most pro- 
nounted on the Eastern side and amounts to more than 15° F per 60 nautical 
miles on the Norfolk and Kent coasts. 

'Fhe coastal regions especially those on the Eastern side aie thus indicated 
as peculiaily liable to large corrections to the computed value of the giadient- 
wind aiul this applies to the belt ten or twenty miles broad along the coast as 
lepiesented on a map drawn to a small scale If we go into detail the gradient 
would cci tainly be found to be very pronounced along the extreme fringe of the 
coast. 'Fhe steepness of the gradient in some cases is indicated by a diagram in 
the Meteoi ological ( )fHt e 1 cpi csenting a section di awn from West to East across 
the British Isles showing temperature and sunshine duiing cloudless weather, 
March 24 30, 1907“. It shows an average difference of mean maximum of 13° P , 
and an extiemediflci ence of 1 7 ", between ( Jcldcston neai Beccles, six miles from 
the coast, and Yarmouth, which would probably woik out to give a giadient from 

(Jeldeston to the coast at the rate of 130" F or 170° F per 60 nautical miles 
We aie not entitled to suppose that these differences exist throughout the 
vertical range of 500 metres, if they did the correction to the computed geo- 
strophic wintl at a station on or near the coast would be prodigious But its 
extension m a modified degree upwards will easily account for a considerable 
difference* lK*twccii the haronictiic gradient at the suiface and the gradient 
with which the wind obtained by observations of a pilot-balloon ought to 

be compared. „ „ a 

I'licse large local diflerences of temperature are usually called upon to 
account foi sea-breezes which are not amenable to the surface-gradient but it 

> SiMuiiuciw «f Uiest! m.iiis for lamiary and July arc givoii in 7 he Weather Map, M O 
I'uhlir.iti<m. No I'M?, I' «« 

^ bmetasitnn Wealhtr, p iH5 
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will be seen tlut m accepting an explanation m that general tor in wc Hhouhi 
be leaving the local details ot tire gradient out ol account 

I’here is moreover another reason why a statron on the coast presents a 
complication in the relation ot observed wind to gradient whith may be 
operative in windy weather when the local gradient of teinpeiatnte is not very 
marked This second re.i 8 on is tlie dynamical eftect upon the stream ot air 
due to the sudden transition between a surface with a comparatively low co- 
efficient of eddy-viscosity, such as the sea, and one with a comparatively high 
coefficient, such as a land-surface, paiticularly a hilly 01 rugged laiid-Miitacc. 
This change must probably be represented by a sudilen transition of piessme 
m the surface layers which pioduces a “retraction’’ of the isobar ic liiies on 
crossing the coast We have already referred to it in a note on the iliugram on 
p 15, and we have mentioned that this view is borne out by the fact that 
there is a difference of picssurc between coastal stations ami inland stations, 
the inland prcssuie being the higher’ Objection has been taken to the view 
that an increase ot pressuie over the land can be due to the partial at rest of 
hoiizontal motionof the air bythc land on the ground that m a “wind channel’’ 
there is no increase ot piessure upon the sui face of a disc exposed to a current 
in Its own plane It is not clear that the objection holds in the case ot w ind ovei 
land bven if the multiplication of scale makes no tliflerencc to the argument, 
the iclief must cause local differences of pressure and at the coast piesuinalilv 
an increase for on-shore winds, and the mere adihtion of the volume of the 
land to that of the an which passes over it must pnrduce some increase of 
the pressure at sea level 

A form of refraction of isoharic lines has been dealt with in papers which 
have come from the Meteorological OfHec on line stpialls*. In tfiesc cases we 
sec on the map a set of nearly stiaight isobars running in one diri’ction con- 
nected abruptly with another set of nearly straight isobars running in another 
direction. On the map it has been customary to mark the junctions of the lines 
as simple discontinuities of direction and previously they weie rounded off hy 
smooth curves At the junction there is really a curious dislocation corresponci- 
iii^g with the crochet d’orage as represented in the carefully drawn liiagrams 
of the papers referred to, some of which are repioduceti in Furtxmiine 
Weather . In these cases, which correspond with single refraction, the velocity 
normal to the line ol separation of the two fields is maintained though the velo- 
cities on either side of the boundary arc different. 'I’he boundary itself is a 
locality of great vertical motion of air generally represented hy 4 stpiall and a 
shower of ram or hail at the surface. 

The refraction which takes place at the coast-Ime is different in that there 
IS, as we may suppose, no permanent change in the direction of the isobars or 
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then separation We may suppose the eflect to be a dislocation of the isobars 
giving a figure (fig i) somewhat siimlai to that leprescntmg the refraction of 
light by a plate What happens in the area lepiesented by the belt of coast is at 
piesent undetermined, but certainly some complications of the flow of air 
result the chll-eddy is m certain cases one of them and in hilly country other 
eddies are recognised 

'This 18 doulitless a highly speculative method of treating the difficult 
question of the effect of the coast-line on the gcostrophic wind but there aie 
certain tacts which seem to be in favour of it 

'rhere 18 the high degiee of divergence of the wind from the isobar at 
Southpoit noticed in chap, u which would be accounted for by a deviation of 
the isobars themselves through a suitable angle Suitable angles foi difteient 


orientations are represented 
in fig. i,heie. It that is the 
true explanation of the phe- 
nomenon the effect would 
seem to be most maiked at 
Southport when the wind is 
along the coast and the land 
18 on the right. 'I’hat pecu- 
liarity may be due in that in- 
stance to the special shape 
of the Lancashire coast 
Readers will be familiar with 
the manner in which the 
lines of the coast on cither 
side of the English Clhanncl 
are marked by cumulus 
clouds on dayswhen a West- 
erly wind blows along the 
Channel, bringing with it 
probably air which is tend- 



!' K. I Refniction of isobais «it Soutlqiort compulccl 
(torn lliedataieprcseiitedinliginc 2,chaptoi ii,p r<5 


ing towards instability be- 
fore it has to meet with the mechanical interference of the coast-lines 


'i'he transition from land to sea must have its counterpart in the transition 


from sea to land, but whereas it is easy to think of thermal effects such as the 
formation of clouds by the piling up of air in consequence of the arrest of its 
motion on coining fiom sea to land, no such easy expression of the transition 
from land to sea occurs to us. Infoimation has recently come from the 
North East coast of a “bairagc” which makes the manoeuvring of arrships 
difficult or even impossible in a Westerly wind leaving the land, but the infor- 
mation is not in sufficient detail to indicate how far the barrage may be 
accounted for by the mechanical effect of the refraction of the isobars crossing 
the coast nor what part of the effect is due to the enhancement of the eddy- 
motion by hills in the immediate neighbouihood and the consequent increase 


7—2 
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in the effective resistance opposed by the air to the tiavel ot an airship. So 
far as we know no expeiiments have been made to compaic the toi ces exerted 
upon an obstacle by an eddy stieam with those of a stieam of the same mean 
velocity without eddies 

We are not yet in a position to apply numencal conectionn to the eomputcil 
geostrophic wind m individual cases on account of the IocmI tempeiatuie- 
•gradient oi the refraction ot the isobars by the coast-hiu% but botli causes 
must combine m any actual case, and thei e seems no reason to consulet tliat the 
discrepancies actually noted between the obseived wind at qoo meties and tlie 
geostrophic wind at the suiface are due to any leal finite diflerence lietween 
the wind m the free air and the geostrophic wind for tlie same level 



2 Chart of Isobars, Winds, and iHotlu'imH for 7h from 
the Daily Weather Report foi August loiH 

The full lines arc usolurs, the (l<»tt(‘d hues isotheims 

The arrows fly with the wind Jheiinmher of featheisinrln ttu* foormt the Beatihnt 
Scale The small circles repmsent the positions of the sttitioiH’ the iinmlw’r of Mmt b#ir*4 
within the arclcB indicates the number of cpiaiters of th<» nky t oveied by < loud A black 
dot shows that rain is falling. 


Even when all allowances are made there remains the difficulty uf drawing 
isobars with sufficient precision. We give an example of the map for 7 h on 
August 16, 1918, m which the adjustment of isobars to winds is almost in- 
explicable as It stands and may well be offered as an exercise for the student. 


CHAPTER IX 


Synchronous charts of horizontal motion in the free air 

'I’ni multiplication of obseivations with pilot-balloons, which give the direc- 
tion and velocity of the air in a hori/.ontal plane at successive levels, has pro- 
vided a lai ge amount ot new material in aid of the study of the structure of 
the atmosphere, and ot the variations of structure in the vertical columns into 
which the whole atmosphere in the region under investigation may be divided 
toi the pin pose ot “diagnosis,” adopting a word used by V Bjerknes who 
may be legarded as the principal authority on this subject Hitheito we have 
dealt exclusively with the veitical column at a particular station and we must 
now extend oui inciuiiy by bringing together our knowledge of *e vertica 
columns corresponding with a series ot stations in various parts of the country 
'I'he fust step in the diagnosis is naturally to plot all the observations for 
the same level using a separate map for each sepaiate level, just as we are 
accustomed to refer to a map of the distnbution of pressure at sea level the 
meteorological observations at all the available stations at the surface Ihe 
plotting has been done now tor some months at the Meteoi ©logical Office 
where the winds toi live diflerent levels, as obtained fiom observations of 
pilot-balloons at upwai ds ot thirty stations, are set out on maps 1 he diiection 
Of the wind at each level is indicated on the chart foi that level by an arrow 
drawn to fly with the wind, as usual, and the velocity by figures inserted in 
small ciicles circumsciibing the points which mark the positions of the 

verticals at the respective stations . .. r 

I'lie next step is to compare the figures for each station with those for the 
surrounding stations 'I'he same process is regularly followed m preparing the 
customary map ot the distnbution ot pressure at sea level and the distribution 
of tcmpitturl at the surface. By that means the observations of pressure are 
H iS«l to a rigorous scrutiny and any outstanding exceptional reading is 
the sub ect of immediate inquiry by telegraph. 'I'he observations of tempera- 
ture are similarly sciutmiacd and occasional eirors of five degrees or ten 
rgrrarrsomedmes corrected in that way 'I'he observations of the state of 
thLkv are practically passed without scrutiny because local cloud m a region 
of generally clear sky, or the leversc, is not tcgaidcd as an improbable phe- 
manner the observations of wind aie not questioned 
uirX‘ divergence of the reported wind from the direction or force which 
the gradient would lead us to expect is very marked and the situation of the 
» know.. be content mth an 

Vt‘rv larirc deviations from the apparent gradient eithei in direction or torce 
f„r .n loeknd, .he Faroe and Norway o. for h.gh 
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level stations on the continent, and consulerahle doviathnis aic allowed to 
pass without challenge for some of oui own stations Some stations indeed ai e 
recognised as having a peculiar local bias foi which an appiopnate explanation 
IS being gradually sought 

When we come to deal with the coinpauson of the winds in the upper 
levels as plotted from observations with pilot-balloons we find sometimes 
considerable deviations, occasionally in direction but nunc fieijuently in the 
figures representing the velocity Here a difhculty piesents itself aiising from 
the fact that the obseivations aie made with only one theodolite. We have seen 
that if the balloon happens to be in an ascencling air-cuiient the horizontal 
velocity as computed fiom the observations will lie too small by the amount 
represented by aicot E, where to is the vertical component of the velocity of 
the air and E the angular elevation of the balloon. We must also teckon with 
occasional errois of reading which have the same cflect ujKm the computed 
velocity as a vertical component of the motion of the an • I n the eircuinstances 
there is prima facie no indication of the real explanation of an exceptional 
reading 

In dealing with observations of pressure the isohais furnmli, as a rule, a 
very satisfactory means of distinguishing between enois of reading and local 
meteorological peculiarities because the continuity of the distrilnition of 
pressuie must be expressed in the isobars, hut there is no such necessary con- 
tinuity in the distribution of wind-velocity, although, for all onliimiy circum- 
stances, we postulate a i elation between the wind and the distiibution of 
pressure 

For the maps lepresentmg observations with pilot-balloons we have no 
obskvations of pressure in the upper air with which the wind can he com- 
pared, we have to deal with the observations of wind alone. 

Very little has been done in practice in the study of maps of wtn<i obser- 
vations at the surface as a separate part of meteorology. IVofessor V. Bjerknes*, 
formerly of Christiania, has opened up a method of dealing with those obser- 
vations m two volumes on Dynamic Meteorology and Hydrography, in which 
are described and illustrated novel methods of dealing systematically with 
observations of meteorological elements groupeil in maps, devised’ and de- 
veloped with the aid of several collaborators. Bjerknes's plan is very compre- 
hensive After defining his variables, of which those regarded as independent 
aie the coordinates defining geogiaphical position and height together with 
the time, and, omitting provisionally the influence of electric or magnetic 
fields, those required for the description of atmoapherie states are five 
meteorological elements, namely, pressure, mass, temperature, humidity and 
motion, with a corresponding act of five for hydrography, he states concisely 
the problem of meteorology and hydrography : To investigate the five meteoro- 
logical elements and the five hydrographic elements as functions of the ciurrdmates 
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and I III’ tim- He distinguishes between the Climatological Method 'which 
consists in giving constant values to the coordinates and examining the effect 
ol letting time vary (using, tor example, the results of automatic recoideis ot 
the various elements set up at fixed points) and thus obtaining the norma s 
and the penodic or seculai or irregular variations, and the Dynamic Method 
which, using the same records, depends upon a senes of synchronous le- 
oresentations ot the field of each meteorological element. He thus presents 
ioi examination a senes ot pictures of the state ot the atmosphere foi a suc- 
cession ot chosen epochs “'Phe comparative investigation of the successive 
states must lead to the solution ot the ultimate problem ot meteoiological or 
hydrographic science, vr/.., that of discovcimg the laws according to which an 
atmospheric or hydrographic state develops out of the preceding one 
this method which is treated in the volumes referied to 

'I'he method is called dynamic because, “in virtue of the laws of hydro- 
dynamics and theimodynamics which govern atmospheric and hydrosphene 
phenomena, preceding states arc in relation of causality to subsequent states 
Inasmuch as we know the laws of hydiodynamics and theimodynamics, we 
know the intrinsic laws according to which the subsequent states develop out 
ot the preceding ones. We are therefore entitled to consider the ultimate pro- 
blem t!f meteorological and hydrographical science, that of 
future states, as one of which we already possess the implicit solution, and we 
have full reason to believe that we shall succeed in making this solution an 
explicit one according as we succeed in finding the methods of making fu 

practical use ot the laws ot hydrodynamics and ^he 

'Pheae tiuotations illustrate the clearness with which Bjerknes treats tne 
ouestion Xch he considers, a cleainess which is equally conspicuous in his 

:3X,f «ta..=a and Braphcl dynam.as have boan fo. the pro- 

idvcnrSnl of Bjarknea'a acheme for dcalmg wrfh the ganeral 
meteorological problem beoauae it repreBCnta a sj^tcmatic 
S »n hfne rn'eteorologleal obaervaticoa m each “ ™y “ “ 

‘ Loc itl il 87 to 00 (Part 11 , D 
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selected values of one of the variables In that way a complete “diagnosis” of 
a succession of states of the atmosphere will be obtained which can be related 
the one to the other by mathematical process 

The same idea, that if we are sufficiently acquainted with the facts and 
competent to deal with them on the basis of Newtonian dynamics the causal 
relations of the sequence of states must be disclosed, has been taken up by 
L F Richardson and pursued to the point of dynamical operation in a woi k 
on Weather Prediction by Numerical Process, which is now in course of 
publication by the Cambridge University Press The matter interests us here 
because at the bottom of all the possibility of calculation lies the assumption 
that the data which form the basis of the maps or the arithmetical process are 
a complete representation of all the pertinent facts of the state of the atmo- 
sphere for the purpose of mathematical treatment Bjerknes, for example, 
suggests that an effective organisation in regard to time intervals for pressure 
and temperature in the upper air would be continuous observation or obser- 
vations every hour of Greenwich time at all stations at the ground, ascents at 
every third hour of Greenwich time from pilot-balloon stations and for every 
sixth hour of Greenwich time from the complete aerological stations We may 
note m passing that to make the “diagnosis” complete these observations 
would need supplementing by corresponding observations over the sea which 
would require special organisation 

To anyone who has spent many years of his life in the bewildering 
occupation of compiling and arranging the multitude of figures and symbols 
which are collected for the purpose of representing the state of the atmosphere 
over land and sea for the hour, the day, the week, the month, the year, or a 
series of years, the knowledge that more than one student of the atmosphere 
feels that the figures are, or can be made to become, capable of arrangement 
in such a way as to invite a general attack upon the whole problem is very 
encouraging The alternative which presents itself to those who are appre- 
hensive that mathematical operations only develop the ideas which are in- 
trinsically implied by the process of selecting the data is to use a different 
method of selecting the data, to watch for occasions when the natural pheno- 
mena arrange themselves in a manner which points to a definite classification 
or grouping Reasonmg may then be applied to special groups of facts that 
have real existence for a sufficiently long period to furmsh a definite mental 
picture even if the grouping be not apparent on other occasions and therefore 
not strictly speaking general In other words, we select examples for which a 
special tram of reasoning may be improvised rather than prescribe beforehand 
the course of reasoning to be applied on all occasions with the condition that 
the data shall be so organised and selected as to make the prescribed course of 
reasomng applicable 

For no element is the difference of standpoint more easily illustrated than 
the motion of the free atmosphere at different levels The measure of the 
motion IS a vector quantity, its direction and speed must be defined Bjerknes 
represents a field of atmbspheric motion by means of instantaneous lines of 
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flow, or “isogonal” lines instead, and lines of equal speed. In this way the field 
of motion of the ait on any occasion is completely mapped The mapping of 
a large aiea foi air-motion will genetally disclose a series of lines or points of 
convei gence or divergence of the instantaneous lines of flow with which must 
be associated instantaneous upward or downward motion 

'Taken in successive layets the whole of space would be filled with a 
solenoul oi tubes of flow of which the lines in the successive planes represent 
the sections and, accoiding to the work of Sandstrom, a particulai pattern of 
lines of flow in any plane can be associated with atmospheiic motion in three 
dimensions of recognised charactei such as wave-motion, or the convergence 
of a cyclone 01 the tlivergence of an anticyclone 

l'\)i those who aie unfamiliai with this mode of procedure the patterns 
formed by the lines of flow for selected types of motion are sometimes sur- 
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prising and they arc useful to us because they lemind us that the information 
contained in a chait of instantaneous motion, of which a synchronous weather- 
map is an example, may not at fust sight disclose all the information implicit y 
contained in it. We have taken the liberty of reproducing in fig. i four dia- 
grams A, U, G, I), representing wave-motion travelling acioss a current of 
air. As represented in the first pair of diagrams A, B, the tram of waves is 
tiavelling in the direction of the arrow at the top directly across the flow of 
the air-cun ent. Diagram A comprises two figures representing the wave- 
motion in horizontal and vertical section and diagram B the lines of flow in 
horizontal and vertical section for the wave-motion combined with the motion 
of tianslation of the current which is represented by the small thick arrow 
near the middle of the diagram Of the othei pan of diagrams D represents 
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the horizontal lines of flow for the same wave-motion coinhineii with a tians- 
lation, also represented by an anow, oblique to the diteetion of advance of 
the wave, while C gives the components of motion in the dii ection of advance 
of the wave. The transveise lines in the resultant diagiains show the lines of 
convergence and divergence wheie thcie is no honzontal motion in the waves 
There is however vertical motion in the wave and the hoiizontal motion of 
translation The crests and hollows of the vvave.s aie legions of ma\imuin 
horizontal velocity in opposite diiections. 

These diagrams arc repioduced because the .study of wave-motion in the 
atmosphere is one of gieat interest and many nieteoroIogi.stH aie unaware that 
It would be indicated by a set ot observations with pilot-balloons which, 
when plotted on a map, conformed to one of the vaiieties of the patterns 
represented; and they make clear that the systematic study of atmospheric 
data as proposed by Iljerkncs is a practical part of meteoiologica! science. 
The peculiarity of wave-motion is that, piovided conditions foi the trans- 
mission of waves exist, it may be found very far away fiom the locality 
where it was produced and may ihciefore be observed quite independently 
of any local exciting cause It has already been pointed out m chap, v with 
reference to the photogiaphs of clouds attributed to edtly-motion that the 
forms of the lenticular clouds suggest a combination of wave-motion and 
translation such as that represented in fig, i. Many other typical forms of 
motion are represented for which reference should he made to the original 
work 

If the motion were confined to two dimensions so that each plane could 
be regarded as independent of the other planes we could map the field of each 
level as a solenoidal field in which the separation of the lines of flow is inversely 
proportional to the flow measured in terms of momentum. If we map the 
field on this hypothesis, we get of course into difficulties wherever the aii- 
currents have a vertical component Using a familiar analogy those readers 
who are acquainted with the practice of a physical laboratory will recollect 
that the same kind of difficulty aiises in the use of lines of foice to leprescnt 
thd intensity as well as the direction of the horizontal magnette force due to 
a bar magnet in the earth’s field. 


The other elements are scalar and a single set of lines is sufficient to rejire- 
sent the field I bus barometric pressure is scalar but the banmietric gradient 
IS a vector and m meteorological practice we are accustomed to assenflate 
closely the vector wind with the vector gradient, so that having a map of the 
distribution of pressuie we should not hesitate to draw a map of the wimis 
wuch from expenence we should expect to be quite as effective in repiesent- 
mg the wnds.or even more effective than onewhich was based upon a sei ies of 
actual ^servations of winds at a limited number of stations say lOO kilometres 
apart Our map of the winds so drawn according to the isobars would eer- 
tamly be m difficulties at any point where there was vertical motion, but 
Whether it be that the vertical component of motion is generally so small that 
its effect does not seriously interfere with the local wind or that it is so local 
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or transient that its eflect is not noticed in our maps, experience has not 
taught us to distrust the gradient as an indication of the wind By assuming 
the relation between the horizontal wind and the horizontal distribution of 
pressiiie in the free air as a first law of atmospheric motion, we are really 
assuming that those portions of the field wheie vertical motion or other com- 
plications invalidate the relation arc to be left out of the suivey or postponed 
tor futuic consideration while the paits of the field where the law is practically 
applicable arc being dealt with Hut it the distiibution of pressure enables us 
to draw a map of the winds then equally a map of pilot-balloon observations, 
in so far as they give us a correct representation of the horizontal winds, 
ought to enable us to form a woiking idea of the distribution of piessure If 
we could fill the map with a picture in two dimensions of a solenoidal distri- 
bution of wind-velocity it ought to aiford a good 1 epresentation of the distri- 
bution of pressure. We may thcreloie attempt to deal with the observations 
of winds at diffcient levels by fitting to them a system of instantaneous lines 
of flow for which the flow measured in terms of momentum is everywhere 
invcraely proportional to the separation of the lines W e make m fact a map o 
the “stream-function” instead of a map of pleasure I'he difficulty in drawing 
a field of lines of flow of this kind from the charted observations of pilot- 
balliKins is that the wind gives us only the space rate of change of pressure, and 
for each station we can only calculate the separation of consecutive isobars, not 
the actual position of either I’he completed chart would in effect give us 
information as to the velocity at every point of the map of many of which we 
have no knowledge Wc cannot approach the solution step by step, we can 
only by trial submit a complete solution that fits the facts at the points of 


observation. , , , , ^ , 

In making the attempt wc arc not discouraged by the fact that the acmal 

treatment is not as rigoious as that pioposcd by Bjerknes or Richardson. e 
course which wc propose depends upon assumed relations which are not 
verified. Either system ultimately depends on an ideal Bjeikncs sets aside 
the ideal of motion which we have taken as the first law of atmospheiic motion 
with the remarks “'I’he accordance of these cuives (the isobars) with the 
direction of the arrows (representing the stieam lines) is never complete an 
should be complete only in exceptional cases ” “Further, the numbers repre- 
senting the observed wmd-intensities arc never in full accordance with the 
formula.” But he uses the acknowledged relation between wind and gradient 
as an auxiliary to draw lines of flow by making them cut the isobars at certain 
angles. And he draws the curves of equal wind-intensity so as to get certain 
departures from the theoretical value* In view of what has been adduced m 
chaptera n, in and vm, this process seems to be based upon an unsatisfying 
ideal. It is not unfair to say that if wc arc to assign any definite value to e 
deviation of the wind fiom the isobar or any definite value to «tio of the 
wind to the gradient-wind (for straight isobars) in the free J ^ w 

not actually measured them, the only value of the deviation and the only value 

‘ l,n « MO. 'llvnamu dugnosis of motion in the Free Spa( c ’ 
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of the ratio that have any substantial chum arc zcio ami unity respectively. 
And, moreover, in giving piactical diicctions loi cunstiucting a picture ot the 
field of motion in the atmospheric space near the gioiiiul, Hjeiknes suggests ' 
that “a point of divcigence will appeal wheie theie is a ilcst ending cuiient 
(centre of anticyclone) and a point of conveigence vvheie theie is an ascending 
curient (centre of cyclone),” and among the supplemental y i ules loi obtaining 
the lines of flow from a limited number oi obseivations ol wind he wiites 
“Within a barometric depiession theie is a piobabihty loi e\istence of points 
or lines of convergence , within areas oi high pi essute theie is a piobability foi 
the existence of points oi lines ol diveigeiice Long iidges of high piessuie 
will as a rule contain a line of divergence; long iidges of low pressuie a line ol 
conveigence ” d'his ideal as the basis of a lepresentution oi the atmospheie is 
unsatisfying for three reasons . 

First, after moat careful iniiuity, as act out in the l.iff-Ilnioty of Sut fate 
Air-currents, the central icgions of anticyclones did not manifest theniselves 
as regions of descending air but as masses of the atmospheie of great stability 
which apparently took no part in the supply of air to the smfaee. Keeondly, 
as set out in our discussion m Pait II, anticyclones repiesent indeed legions 
of relative concenliation of entropy which must somehow he disposed of if 
the air is to get downward. If an anticyclone were leally a large column of air 
descending fiom some upper level to the sin face the an within it wouhi be 
m labile equilibrium just as a column of ascending an is, and would theiefoie 
be liable to show the effects of instability rather than stability ; and thii dly , the 
ascent ol an m the cential legion of a cyclone, as set out in the Li'fe-llhtoiv, 
IS not a necessary accompaniment of the existence of the cyclone ami the 
apparent conveigence to the centre is very much modified by the motion of 
the centre itself An instructive commentary on the conventional view that a 
cyclone is a region of upward convection wheieas an anticyclone is a icgion 
of downwaid convection may be found in the fact that the tropopaime, the 
lower limit of the stratosphere, is highei over an anticyclone than ovei a 
cyclone. Convection therefore leaches a highei limit and the cooling whicli is 
a natural consequence of upwaul convection is earned further up in an anti- 
cyclone than in a cyclone 

In formulating his method Bjerknes uses great precision as to the pio- 
cesses to which the pictures of the atmospheric fields are to he subjected, hut 
m forming the pictuies he accepts without inquiry the tiaditional ideals of 
meteoiological situations, which doubtless have some foundation in fact hut 
when examined in detail arc not m accordance with all the known facts, 
and have in experience proved to he an insuperable himlrance to the progress 
of meteorology in the past fifty years. 

We may acknowledge with thankfulness Bjerknes’s direction.s for the 
method of using observations of wind in the iippei air to form a map of the 
field of motion without accepting m detail the aid which he proposes to derive 
rrom ideals which may be applicable in a generalised sense to the atmospheric 

* I tf( at p |H 



METHODS OF CONSTRUCTING MAPS 


109 

processes on the large scale, but which seem to us less appiopnate than our 
own to the closer study necessary tor the practical application ot the results of 
soundings with pilot-balloons I'he ditfeicnce in practice between the two 
methods is that wlien two sets ot lines are used to map the field the lines of 
flow can he dtawn without regard to number, but to represent the field by 
one set of hues unphes drawing them at calculated distances 

Attei this tligtession in justification ot a method which toitunately seems 
most free from objection tor those paits of a map wheie pilot-ballooning is 
piacticable, that is to say, wheic there is compaiative fieedom fiom low 
clouds, vei tical motion, and other charactei istics ot the neighbourhood of many 
of the singulai points or lines ot a field of air-motion, let us confess that the 
discussion of methods is by iai the easiest part of the whole programme The 
piactical application is beset with minoi troubles and is vciy laborious con- 
sidering that maps tor many levels thiee times a day at least come up for con- 
sideration. We have first to form a general idea of the way in which the lines 
lun and then decule whethci e\ceptional values ot diiection and velocity shall 
he legarded as mistakes of leading and ignoied or as localities of ascending or 
descending cunents which, having 1 egard to the scale of the map, may also be 
ignoi ed in drawing the lines and indicated with some special symbol on the 
map, ot thirdly, as mat king some change in atmospheiic structure which ought 
to be atlequately represented m the finished map Next a number of tiials have 
to be made as the only guides are the direction and scpaiation of the lines at 
cei tain points. Drawing lines in pencil, and rubbing them out again as may be 
retiuired, is the plan adopted in drawing isobars, and is woikable enough 
because each line can he separately and finally decided upon Hut with lines 
to represent tubes ot flow a whole line may have to be displaced with some 
slight modification of shape in ordei to accommodate the other lines in its 
neighbourhood. 'Fhe only woikable plan which has so fai suggested itself is 
to use small squares ot card of standard size which can be moved about the 
mail and laid side by side to the proper separations and flexible wiie for tiial 
lines which can be bent to the proper shape, laid down on the map and moved 
bodily when necessary. When the field has been approximately mapped in this 

way final lint's can be drawn m. , , , r ... *1, 

I'he observations of velocity in successive levels ot 1000 feet come to the 
Office expresseil in miles per hour with the direction given in points. Ihe 
setting out of the lines therefoie requires a table of distances ot separation for 
winds of specified velocity for given values ot the density which, in the absence 
of direct observations of pi essure and temperature, must be taken fi om a table 
of normal densities at the difTcient levels m the several months On the 
average for the whole year these values expiessed in grammes per cubic 
metre are appioxiniately 1250 at sea level, 1050 at 5000 ft , 900 at « 

and 771; at 1 <;,ooo ft. and 650 at 20,000 ft. The table of separation for intervals 
of five miles' per hour which will correspond with the sepai ation of isobars for 
steps of 5 mb. in latitude 52" and for these densities will be as tollows. 
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Table of separation in nautical miles of the lines of flow in Sol- 
enoid al Wind-charts for different values of velocity in miles 

PER HOUR AND DENSITY IN GRAMMES PER CUBIC METRE 
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We may give in illustration of the application of this method maps repre- 
senting the conditions at the surface and the distribution of velocity at looo, 
5000, 10,000, 15,000 and 20,000 feet on October 19, 1917, referred to in 
chap VI when a very strong wind m the upper air carried a fleet of Zeppelins 
out of their course In this set of maps the distribution of velocity is repre- 
sented, not the distnbution of momentum, the pressure-difference corre- 
sponding with the separation of the hnes is 5 mb at the surface , m the upper 
levels It IS less in the inverse ratio of the densities 

The maps of the flow of air at the different levels at about midday or 
13 h of October 19, 1917, represented in fig 2 are appropriate to the meteoro- 
logical conditions of a depression with strong southerly winds advancing in 
the rear of another depression which is passing eastward They make clear 
the special feature of the occasion, viz , a very large increase in the northerly 
wind m the extreme rear of the passing depression between 5000 feet and 

20.000 feet, more especially between 10,000 feet and 20,000 feet Observations 
near Portsmouth extended to those heights and those near Edinburgh up to 

16.000 feet They are as follows 

Height m feet 5000 10,000 15,000 16,000 20,000 

Wmd-velocity near Edin- 
burgh. in miles per hour NW 8 N21 N41 N49 

Wind" velocity near Ports- 
mouth in miles per hour — NNW 25 N by W 60 N by W 65 N by W 87 
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Fig 2 Maps OF THE DISTRIBUTION OF AIR-FLOW AT 20,000 ft , 15,000 ft , 

10,000 ft , 5000 ft , and 1000 ft , together with a map of the isobars at sea 
level and winds at the surface at or about 13 h on October 19, 1917 



Nute The general scheme of the hnes is based on the meteorological situation indicated 
bv the weather-maps of the day which shows that a depression was advancing the 

West Later m ^e day at 17 h strong southerly winds were indicated at 1000 ft and 
sooo ft at Valencia The direction of the flow is shown by arrows ai^ the velocity in 
miles per houris mLkedm figures The hnes of flow are drawn so that the velocity of flow 
IS inversely proportional to the separation of the Imp, a seiprahon of 60 nautipl mdes 
indicating^a ^velocity of 7° "nles per hour Dotted hnes indicate a general idea of the 

^°^bsenmhOTS^which°are'not in good accord with the hnes are marked, so are those 
which are not strictly apphcable for the drawing of the hnes on account of some difierence 
of hour or of height 
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The maps show that the stronjj; noithcily tuiieiU lay ovcj a N'oith and 
South band down the middle of England at the time of the maps when the 
winds near the surface were the light westerly winds of the wedge of high 
pressure between the two “lows” At to o’clotk of the following moining 
a strong northerly cuircnt ol less velocity was shown in the layei fiom 14,000 
to 20,000 feet ovei Northern I'Vancc with veiy light south-easteily or south- 
westerly winds beneath 'The velocity at 20,000 feet in this strong noitheily 
current was 47 miles per houi. Jutlging by tlie rapidity with which the lost 
airships travelled, the velocity in that legion dining the pievious night oi 
early moimng was stiongei than that tccoided at 10 o’clock, the stiongei 
cuuent had probably by that time passed eastward. The rate of drift eastwaid 
may have been that shown by the westerly wind in the weiige lietween the 
departing and advancing depressions. 

Accoiding to the theory which has been set out in chap, vii the tapui 
increase of velocity with height must be attributed to a steep hoii/ontal 
gradient of temperature from West to East in the layeis between lo.ooo feet 
and 20,000 feet According to the formula (i;«) of chap, vil the gradient of 
temperature required foi an increase of velocity of t; miles pei hour pei 
thousand feet at the level of 10,000 feet would he alrout i-H a 01 !«’. pei 

hundred kilometres Such a gradient could only arise it the temperatuie of 
the wall of air forming the western boundary oi the current were nearly 
isothermal for a thickness of a kilometie or iiioie because the reduction of 
temperature on the eastern side is limited by the lapse of temperature with 
height The lapse cannot pass the adiahatie limit and is nor mallv not far from it 
so that theie is not much margin with which to produce an exceptionally large 
hoiizontal gradient In other words the conditions lequire a wedge or tongue 
of air which approaches the isothermal condition iri pel haps goes heyoiul it 
forming an inversion. Air of this chaiattei m the uppei regions may he called 
“very warm”, it would lie between the lowei temperature of the an of the 
passing low and that of the approaching low. 'The intermediate regions have 
accordingly been marked “very warm” on tire maps for 10,000 feet and 
while “cold” has been wiitten over the legions of the lower 
pressures on either aide of the warm tongue in onier to give an idea of the 
distribution of temperature necessary for the observed phenomena. The belt 
of very warm air with the rapid current on its right must have travelled 
eastward So far as we can tell from the majr for the level of 15000 feet 
the air underneath the warm tongue and also that to the West of it was 
travelling with a velocity of about 10 miles per hour from the West. At 
10,000 feet in the corresponding region there is a velocity of tt miles per 
hour from a point South of West; and if we can assume that the whole system, 
consisting of the strong cuirent with a low on either side, was moving from 
West to East with a velocity of about 10 miles per hour the tongue of 
warm air would have travelled about 200 miles to the East between 1 5 !i on 
the 19th and 10 h on the 20th If this view is correct the “lelattve motion” 
of the strong northerly current would be the actual motion as mapped, 
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modihed by the vector subtraction of a west component of 10 miles per 
hour 

It so happens that we have a lecord of temperature in the upper air, for 
10 h ol the 20th, from Ipswich, about 200 miles to the east of the locality 
assigned as vciy warm at 13 h of the previous day With all the assumptions 
which wc have made we therefore expect to find a nearly isothermal column 
over Ipswich The temperatures of this ascent are therefore of peculiar interest 
and wc find as follows 

Height m foot 6-^50 8550 10,550 12,350 14,350 16,350 

leiiijH'iAtuio h' 52 30 25 20 i6 16 

It is certainly lemarkablc that the air-column from fourteen to sixteen 
thousand feet is actually isothermal Below those levels lapse-rates are normal 
except for the first step quoted 

Once moie, this may be a coincidence but it is a very surprising one, and 
all the more surprising because the strong northerly current measured m 
Northern h'rance at the same hour only began at 14,000 feet instead of io,ooo 
feet as it did at Portsmouth on the previous day 

If these facts are more than a coincidence and are indeed what they appear 
to be, a justification of the assumptions which we have made, it would follow 
that convection must have invaded the layers over Noithern France and 
Ipswich between 10,000 feet and 14,000 feet within the 21 hours between 
the time of the map and the time of the observation of temperature, and have 
demolished the strong noitherly current at the same time that it destroyed 
the giadicnt of temperature And that is not surprising, because the formation 
of an isothermal layer several thousand feet thick must require very exceptional 
conditions 'I'hcy exist, we know', when the air is left to the influence of 
radiation and fiee ftom convection, and wc have no other explanation for 
an isothermal layer It would appear, thcicfore, that this tongue of “very 
warm ” air must have been the survival of a mass of air travelling slowly over 
the Atlantic fiom West to East and free from convection long enough for 
isothermal conditions to be set up and gradually worn away from below to 
the extent of 4000 feet of its thickness while it passed acioss England It 
had a cyclonic depression on its East side and another on its West side, but 
whether they invaded it lateially wc cannot say. 

It is clear that a knowledge of the distribution of temperature at successive 
levels would be of great assistance to us in the task of preparing synchronous 
charts of horizontal motion in the free air because they would help to guide 
our judgment in combining the direct observations of the wind Observations 
of temperature at levels up to 20,000 feet aie now possible with aeroplanes 
and it is time that an entleavour be made to incorporate observations of tem- 
perature with observations of wind-velocity at those stations which aim at 
providing means of guidance in aerial navigation A preliminary difficulty 

» !•' ('.((Id, 'nMi Isutlu-niial I-ayoi of the Atmosphere and Atmospheric Radiation,' 
I'm. Hvy. .SiH A, vol ucxkii, p 43, 1909 
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aiises from the fact that the heights at which the ohscivations aio made aie 
not given with the accuracy that is dcsirahle hv the ouimaiy means of ohsci- 
vation of height m an aeroplane, but even it that diflicultyshoukl [nove insuper- 
able m view of the slight inclination of the isohaiic sui faces m ordinal y con- 
ditions of weather we may still be able to identity the localities of exceptional 
hoiizontal giadients of temperatuic which would foim the most important 
features of the maps Apait from the fact that the slope of the isothermal 
surfaces is generally steeper than that of the isohaiic sui faces we know that 
theie arc regions where the air is maiked by isothermal conditions or by in- 
versions of lapse with height and coi responding conditions arc not possihle 
with pressure Consequently a contnuimis lecord of tempeiature in i elation 
to pressure would identify these exceptional regions and help materially 
m setting out a map In this connexion we may refer to the diagrams of 
tempeiature at different heights in the atmosphere on consecutive days 
obtained by observations with kites. 'I’hcy began with 'IVisserenc tic Hort' 
who prepared one foi Pans from observations matle at his observatory at 
Trappes and were continued at Lmdenberg® for which a year’s obseivutions 
were published in separate form and suhsequently at Mount Weather near 
Washington® They all show very stiiking changes of teniperatuie setting in 
and lasting for some days which could easily have been ulcntifieil by obser- 
vations in aeroplanes made in appropiiate localities. 

^ 'SurlcscfiriUt^ire8(leltiUMnp^'‘iatuuMl4UHr»i.(iiioHph^iclihH'iUJ dr^fanMlt * 

Proc verb de la Conmis^^ton pour A^rosiaitvn St Hi PftrisInnK, |» ttt» 

* Dr R Assmann, The temperature of the mr abotw Ihtltn pom (hiohtr t\t, unlit 

December tc)o^ Berlin, igoj Otto vSalle 

* William R Blair l^ree Air Data at Mount Weathei liutteliu of the Ufounl IVmihrr 
Observatory, vol iv, pp 176 ot hcc] , ipii 



CHAPTER X 


Curved Isobars 

IIlTHi'Rio IK) iiccouiit has been taken of the second or cyclostrophic term in 
the ccjuatiou (y) ot p i, which gives the relation between wind and pressure 
toi the motion oi the air undci balanced foiccs It represents that part of the 
gradient which is balanced by the deviation of the path of the air from a great 
circle; its mmieiical impoitance is inversely proportional to the radius of the 
small ciiclc which osculates the path ot the air and is therefore diiectly pio- 
portional to the cm vaturc ot the path in the horizontal plane In ignoring the 
effect ot curvature we have supposed that the numerical value of the teim is, 
m general, sufhciently small for that course to be followed m view of the un- 
ceitamlies of the measurements of the wind in the upper air It has been 
convenient for us to ignoie it because the determination of the curvature of 
the path is not possible when we have only a map foi a single epoch, and 
what we have wiitten hitherto has dealt with the features of the single map 
The fact that the velocity of the air at the particular epoch can be fitted 
into a scheme of velocities ai ranged as lines of flow in the form of circles or 
spirals is not evidence that the circle or the spiral itself represents the path 
of the an. It can only do so if the featuies of the map remain stationary We 
cannot assume that they do so without refeiiing cither to pievious maps or 
aubsecjuent ones, and whenevei we make the refeience we find that the con- 
dition is not exactly fulfilled, generally speaking not even approximately so 
'I'here is nearly always a considerable change in the distribution of pressure 
and wind except in those regions which arc represented by the isobars of a 
large anticyclone. 

We now pass on to consider the effect of the curvature of the path upon 
the relation of wind to the distribution of piessure and our first step shall be 
to consider what the curvature of the path means for us The maps which we 
use to represent the state of the aii at any epoch are apt to mislead us unless 
we are careful. 'The lines of flow, which we have considcied in the previous 
chapteis to be in agi cement with the isobars in the upper air and to cross the 
isobars at the surface at certain finite angles depending upon various condi- 
tions of tuibulence, ate represented by curves with a very great vaiiety of 
curvature, but the lines icprcsenting the paths of air whenevei they have been, 
constructed are not at all likely to be mistaken either for lines of flow or for 
isobars unless we happen to be dealing with a pait of the map where the 
isobars are sti .light and parallel, and the lines of flow either he along the iso- 
bars or cross them at a unifoim angle On the other hand there is nothing in 
the appeal ance of a line of flow ot an isobai that disqualifies it as a path It 
becomes, in fact, a path if the situation is [lermanent, but that means a set 

8—2 
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of conditions for which, so far as we know, there is no ugoicus example in 
our maps A near approach is repiesented in the senes ol maps loi the end of 
July and beginning of August, 1917, which are referred to in the next chapter. 

Regarded from the mathematical point of view to which leierence was 
made in chap IX, the curvature of the lines ot flow and the conseciuent curva- 
ture of the isobars are part of the interplay ot the inertia ol 
forces which operate upon it, but in pursuance ot our plan ot selecting con- 
ditions which are amenable to treatment as special cases, we may note certain 
types or groupings of isobars which exhibit the chai actei istic ol stability in 
the sense that they may last foi days together without much change, and move 
bodily across the map Pre-eminent among them, so far as our Islands are 
concerned, we have the group of isobars lunnmg Iroin West to East across 
the Atlantic giving us a Westerly type of weathei which was strikingly ex- 
emplified in the stoimy winter of 1898-^9. ‘‘nd represented by a band of 
Westerly current across the Atlantic, the high pressure on the bouth and the 
low pressure on the North On the side of the low pressure there were con- 
siderable fluctuations which appeared as successive cyclonic depres-sions with 
great local intensity. With this type we include the South-Westerly type of 
weather in which the band of isobars runs fiom South West to Noith EMt. 

In contrast with these we have the Easterly or North-ICaatcrly types which 
are repiesented by bands of isobars lunning from blast to West or, more often, 
from North East to South West with a high pressure to the North or North 
West These also may last foi weeks together and in that way be classed among 


the stable types • 1 i * 

In a sense it may be said that the Westerly type is oceanic and the Itast- 

erly type continental because the band of West to East isobars seldoin pene- 
trates fai over the continent, it generally turns Northwaul on reaching the 
land, and the East to West band often turns Southward off the Western coast 
of France and uses its air-supply to feed the North E^ast 'IVatle wind 

Sometimes in our Islands we find ourselves in the legion between a 
specimen of either of these types represented by a large quasi-permanent 
anticyclone to the North of us and another to the South of U8._ In that case wc 
find the region between the two covered by a succession of rainy depressions. 
A good example will be found in the succession of maps in the month of July, 
1918, particularly from the isth to the zyth day of the month. This state of 
things might prove to be typical of the conditions for high latitudes for the 
band of West to East isobais if our maps extended far enough to the North- 
ward to show fully the Northern anticyclonic region. 

In any case the three sets of conditions mentioned, if we supplement 
them by the addition of the type of a quasi-permanent anticyclone directly 
over us, give a general idea of the classification of our weather as represented 
by locally persistent isobars and the lines of flow which accoinpany them. 


1 The travel of weather changes along the northern or southfrii side of .1 iKTsIslcnt 
band of high pressure is illustrated in Weather of the lirih%h Coast'- (M O Publication, ilo), 
chap XI, § 9, 1918. 
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We must add the type represented by a band of isobars running from North 
to South which sometimes represents a quasi-peimanent condition although 
Northerly winds are often only the transient accompaniment of the last 
stages ot a passing cyclonic depression 

'Phis will appear to be a digiession but it has a bearing upon the lelation 
ot curvature to the permanence of type of air-motion in the atmospheie 
'I'here is the curvature ol the earth’s surface on the one hand and the curvature 
of the path ol the air as it passes over the surface on the othei hand, and both 
ol them have to be consideied in making a selection of possible permanent 
conditions undei lying local and temporary fluctuations of weather Perhaps 
the chart of mean isobars of the Noithern hemisphere for the month should 
be regarded as the mean value from which the local conditions deviate from 
lime to time, but the mean is made up from so many different types of map 
that It 18 better to classify the conspicuous types 

In dealing with the geostrophic wind we have taken the air as moving 
along a great circle but isobais drawn in a band for considerable distances 
along great circles converge', and a bioad band arranged as the small circles 
ot plane sections parallel to and on either side of a great circle would have 
different values for the latitude in diflerent parts The simplest foim of dis- 
tribution which we can regard as free from difficulties of that kind and the 
most stable form of atmospheric motion imaginable is that which is repre- 
sented by a hand of isobars from West to East or from East to West A dis- 
tribution of that kind represents part of a cap or senes of lings of air rotating 
round the polai axis I'he actual average distribution ot isobars computed by 
'I'eisscrcnc de Bort» for the level of 4000 metres roughly lepresents such a 
distribution for the Northern hemisphere, and in the Southern hemisphere 
the distribution ol pressuie ovei the surface of the great Southern Ocean 
corresponds even moie nearly with that ideal* 

Within such a cap, revolving like a solid about the polar axis, theie aie 
no elements of instability Any disturbances that arise must come fiom causes 
outside Let us therefore consider a cap lotating as a solid round the pole as 
an ideal of stable atmospheric motion and the type to which the actual motion 
tends to revert when freetl from the causes of disturbance to which it is 
subjected 'rhe direction of motion may be either cyclonic or anticyclonic 
'I’he distribution of pressure for such a rotating cap would be as follows 

1 2 ^ 

P 4 > f ('" 2 anticyclone, 

where V is the velocity of the wind at the equator 

» A )m to tlie ofie<'t of the tonvorKeiKe m the noUhwanl component of aiv- 

mntioniH Kivi-n in Atmiistiherun, lilt ut p MS 

» ‘ fttudei sur lii < irculiition de I'.itmoHplitre,’ Aim du li C M , isss, 35-4-I 

Hddubrandmitin and 'rciH-«'renc do Itort, / es de la MMimdo^ie Dynarmqw, chap iv 
* Natumal Antantu !• xptdittoH, tf)Ot 1004 I’art II, Royal Sotioty, ic)i 3 
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Making an approximation, for the density, at 1250 g/nU the diHtnlmtion 
would be made up as follows 

TablfI Vfiocitifs and (’ORRISPONOINU VAi.in’S (It 'lilt' PRissuRi. and ns 

GRADIENT FOR DItFF.RtNT LATITUDtS IN A Ilt'MISPllt'UK M CM* Ot AIR 
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ovei the eaith’s surface 'fhcrc aic Westerly winds in middle latitudes and 
in the Southern hemispheie they extend round the eailh, hut not in the 
Northern hemisphere, and iri neither do they extend to latitudes below 35" 
Sometimes it would appeal as though the winds in the Southein hemispheie 
might constitute a cap, rotating from West to East, over a lower layer lotating 
from East to West or over the Antarctic continent winch occupies a gieat patt 
of the room that would belong to the lowei rotating anticyclonic cap. And in 
the Northern hemisphere in the region of the Uiitish Isles theic is sometimes, 
as already mentioned, a great anticyclone to the North of our Islands coveiing 
Greenland, Iceland and the North of Scandinavia suggesting a portion of an 
anticyclonic cap, while the pressure to the South of us is arranged m West East 
lines and corresponds with that of a portion of a cyclonic cap in middle lati- 
tudes South of the anticyclonic cap. Between the two is a belt bounded by 
isobars of the same designation between which local cyclones are shown'. 
The conditions in the Northern hemisphere aie singularly unpiopitious for 
a regular anticyclonic circulation of the lower layers of the air lound the pole 
because the land mass of Giecnland ten thousand feet high stretching from 
beyond the eightieth to the sixtieth parallel effectually blocks the way. 'I'he 
Easterly wind of the lower atmosphere cannot go over it aiul must be tliverted 
round it 

It IS generally allowed that the maintenance unchanged of tlie length of 
the period of revolution of the eaith is conclusive evidence against an average 

1 Shaw, 'On the General Circulation of tho Atmonphwom Mnlillc .uul HikIk i L.ttituil<'i,' 
Proc Roy Soc , vol Lxxiv, p * 0 , kjod and Natttmal 4nlantii /• i/vi/Dko). mm kk’I. 
Meteorology, Part I, Royal Society, i()o8, p xiii 
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rotation of the whole atmosphere m one direction Hence the existence, in one 
part, oi a belt with one kind of rotation implies the existence of its opposite 
equivalent somewhere else 

We have given attention to the idea of a cap, oi a belt of an forming part 
of a cap round the globe, because it may have some bearing upon the situations 
which we have to consider although no complete cap or belt is shown There is 
nothing at all m the way of mutual influence to bind one part of a cap to 
another part on the othei side of the world, each pait must be sepaiately 
maintained by an appropi late environment. J ust as a small sector of a rainbow 
will exhibit all the essential properties of the complete arc so in atmospheiic 
motion a sector of a belt may exhibit all the essential properties of a complete 
belt Wherevei a group of isobars is formed which, so far as they extend, 
would cot respond with a portion of such a cap, the air within the poition will 
have the same kind of stability, and be subject to the same conditions as the 
cap would satisfy, although it is maintained in its successive positions by a 
different environment It follows that the bands of aii-flow which maintain 
themselves sometimes for days, sometimes even lor weeks, may have the kind 
of stability that belongs to a rotating cap and be cjuite as important elements 
of the atmospheric circulation as anticyclones or cyclonic depiessions and have 
the same kind of permanence if their environment permits. 

For these bands of limited extent, which may be treated as sectors of belts, 
the effect of curvature is small. According to the formula oJ p i , the ratio of 
the cyclostrophic component to the geostrophic component is one-half of the 
ratio of the equatorial velocity of the cap to the equatorial velocity of the 
earth’s surface In the case represented in I'able I it amounts to i-6 per cent 

’I'he other type of atmospheric motion which claims attention is rotation 
round a centre in a ciicle of much smallei ladius than 40”, indeed it may be 
taken as being from 10” down to i", 01 even less m the case of tornadoes and 
water-spouts. I’here is evident stability in motion of this character because 
beginning with examples of whirls lasting for some seconds theie is appaiently 
an uninterrupted sequence by way of involving sandstorms or dust-devils, 
tornadoes, or whirlwinds, to tropical 1 evolving storms and large cyclonic 
areas with radii of 10" or more 'Fhe only limit of the series is a revolving air- 
cap covering a hemisphere or a laige part of it. And just as a belt of West wind 
or a belt of East wind may lie over these Islands for weeks so the other type of 
quasi-permanent atmospheric motion, which has always been thought of as 
a column of air in continuous revolution, may preserve its identity for days 
or weeks. I'hrough the kindness of Professor McAdic of Blue Hill Obser- 
vatory, Harvard Univeisity, we are enabled to give two notable examples 

I'he first is that of a tropical revolving storm which started on a Westerly 
track towards the Philippine Islands (where visitations of that kind are known 
as “ Baguios ”), turned round towards the North and North East, crossed the 
Pacific Ocean and after some vagaries on the North American continent con- 
tinued its journey Eastward and crossed the Atlantic m the usual track of 
cyclonic depressions over that ocean The whole journey lasted from 


120 


WIND AND BAROMETRIC PRKSSURIi 

20 November 1895 to 22 Januaiy 1896 'Phe second is a cyclonic depression 
of October 1913, in the outer region of which the tornado was loimed which 
caused so much destruction in South Wales on the twenty-seventh of that 
month’- The track of the main depiession shows an anomalous path fiom 
Canada to the North of the British Isles 'I'lie tracks of the centres of these 
depressions are shown upon the map which forms the liontispiece of this 
part 

To these notable examples has been added the long ti ack of a cyclonic 
depression which was figured in the Mctcoiological Office ehait of the Noith 
Atlantic and Mediterranean for August 1904'*. The cyclone was fust noted 
on 3 August 1899 in that pait of the North Atlantic Ocean \vhc*ie West Indian 
hurricanes often take their use. It moved Westwaid to the West Indies, 
skirted the coast of Florida and turned Eastward over the (JuH Hti cam After 
some hesitation about latitude 40° W it made foi the mouth ol the English 
Channel and, missing that, crossed to the Mediterranean where it lost itsell 
on 9 September after a life of thirty-eight days 

Thus out of the kaleidoscopic features of the cii dilation of aii m temperate 
latitudes two definite states sort themselves each having its own stahihty. 'I’he 
first repiesents air moving like a portion of a belt lound an axis through the 
earth’s centre It is dependent upon the earth’s spin and the gcostrophic com- 
ponent of the gradient is the important feature; the curvature of tlie isobars 
is of small impoitance The second repiesents an lotating round a point not 
very far away it is dependent upon the local spin, and the curvature of the 
isobars with the coirespondmg cyclostrophic component of the gradient is the 
dominant consideration. 

In reality of course both components are operative in all cases except at 
the equator where the geostrophic component is zeio. Only the geostiophic 
component depends upon the latitude. 'I'lie numerical impoitance of the 
cyclostrophic component increases rapidly with the velocity of the spin and 
is paramount for rotational systems of small radius. 'I’he following table 
shows the velocities indifferent latitudes for which the two components aie 
equal when the radius is 100 kilometres. 

Latitude in degrees 90 80 70 f>o 50 <j«> lo 40 10 « 

Velocity -with 100 k. radius 
for equal components (in 

metres per second) 146 I4*'i 117 i*6 ti 3 9) 71 3-4 o 

Just as in the case of the belts of air revolving about a diameter of the 
earth so in the case of a mass of air in rotation with a small angular radius, 

there is no influence of one part of the whirl upon another part in another 

sector which holds them together; each sector, or truncated part of it, must 
satisfy independently the conditions which are applicable to any and every 
part of the whole whirl , and this it can do, without the other sectois, provided 
that Its environment is suitable for its persistence. Experience of maps would 

‘ Murnom, No xi MO Publii atiim, N<» 330 a 

® M O Publication* No 149 
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seem to indicate that the complete circular form is not necessary for the per- 
sistence of a part We may make use of this principle later on but it is con- 
venient for the present to deal with those cases m which the circular form is 
complete We shall therefore proceed with our study of curved isobars by con- 
sidering the case of a short circular column or disc of an which is in rotation 
about a centre 

We shall suppose that the disc of air rotates like a solid, in which case the 
angular velocity of each portion of the disc will be the same Subsequently 
we can consider whether that assumption is reasonable from the meteoro- 
logical point of view We may take the common angular velocity to be I The 
linear velocity v at any point distant r from the centre will be Its direction 
will be at right angles to r If the motion belongs to a cyclone, in the Northern 
hemisphere it will be counter-clockwise For the sake of brevity we will 
identify such a distribution of winds as a normal cyclone The name is not a 
very happy one because there is no 
evidence either for or against its 
representing the average condi- 
tions of motion of a cyclone m the 
upper air At the surface there is 
always some incurvature of the 
wind with respect to the circulai 
path round the centre 

The characteristic feature of 
our cyclonic depressions is that 
they travel across the map The 
velocity of travel is very varied but 
when the depression is represented 

by circular isobars it generally has ^ ^ 

a rapid speed of travel A velocity ^ Combination of rotation 

of 20 m/s for the centre of a cy- translation 

clonic depression is large but not 

unknown, a velocity of less than 10 m/s may be regarded as smaller than 
the average A tropical revolving storm usually travels at about 4 m/s 

If the rotating disc forming a horizontal section of the normal cyclone 
travels bodily without altering its shape or velocity in rotation, in order to 
obtain the scheme of actual velocities the velocity of translation V must be 
superposed upon the velocity in rotation of each part of the disc We have 
thus to deal with the combination of rotational motion with translational 
motion That is the subject of certain well-known propositions of which we 
require the following 

I A disc which is rotating like a solid round a point with angular velocity 
^ and IS travelling in its own plane with a velocity of translation V will have 
a point O' instantaneously at rest, wheie 00 ' is equal to Vj I and O' is on the 
radius of the disc drawn transverse to the line of travel and to the left , the disc 
will be instantaneously in rotation round the point O' with the angular velocity ^ 
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This proposition depends upon the geometrical addition . 

the vectoi 0 'O h the vector OP * the vector O 7^ 

If the vectoi in each case is the velocity pi oportional to and at light angles 
to the lines named the conclusion follows directly fiom the pai allelogi am of 
velocities 

2 The centre of instantaneous rotation O' will ‘hraveP^^ along a line 
parallel to the path of the centre ol the disc with the same velocity of travel as 
the centre of the disc I’^he woul travel is conventional m this statement 
Nothing really travels along the line O'A. New systems of rotation are 
developed with successive points on the line as centres 

3 The actual paths of the particles of the disc will be the scries of curves 
traced out by the several points of the disc when the circle with laduis O O 
rolls along the line O'X 

These curves are well known m geometry The path ot O will be a straiglit 
line, the paths of the points m the circumference of the circle with O O as 
radius will be cycloids and of other points tioclioids 'Phose points which are 
fuither from O than O' will foim looped curves . those within that limit form 
curves in the shape of long sea-waves 7'hc cmves are represented later as 
figure 7 

All this geometry may be summed up by saying that rotation like a solid 
combined with translation can be represented by consecutive instantaneous 
rotation round a travelling centre at a distance V/l on the left of the path ot 
the permanent centre of lotation; and the actual paths aie the cmves formed 
by points attached to a ciicle which lolls along the line ol instantaneous 
centres and has for its radius the distance between the permanent and the 
instantaneous centies of lotation 

The geometry of the combination of rotary motion with translation is 
difficult foi those who are not familiar with it, but obviously it has to be dealt 
with in all cases of travelling circular motion with which for sixty years now 
we have been accustomed to classify cyclonic depressions. 

Some readers may be unwilling to regard instantaneous rotation in a 
circle as a fair representation of the motion of ail in a cyclonic depression 
They will point out that the lines of flow of air are spirals meeting in the 
centre of the cyclone towards which all the air directs its motion 'The differ- 
ence IS less important than would appear at first sight. In order to find out 
what Its practical effect would be a machine for drawing the actual paths, 
with given rate of travel and given angle of incurvature, was constructed by 
the Scientific Instrument Company of Cambridge^ llie effect of the incur- 
vature was not that any paths led directly to the centre but tliat the loops on 
the curves had a curious tilt to the left. The subject was treated analytically 
by the late Professor W. H H Hudson^s. 

It will be noticed that the circles showing the instantaneous rotation 
round the point O' are incomplete because the real rotating disc is not 


^ Ltfe-Htsiory of Surface Air-Cwrenh, p loo 


® * Anf mmdH/ /I Uepori, loc^O, p 483 
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sufficiently extensive That ns ot no consequence We aie quite accustomed 
to it m the case of a cart-wheel for which the centre of instantaneous lotation 
IS the point which touches the gtound and, in consequence, is instantaneously 
at rest No inconvenience aiises the aics ot circles repiescntmg the instan- 
taneous motion ot a cai t-wheel ai e mei ely aids to compi ehending the situation , 
so ai e the c 11 cles i ound the centi e in fig t they have no pei manent existence 
yet they icpiesent the lines ot flow of the actual winds ot a normal cyclone 
On the othei hand, we may note that the actual disc in its lotation will 
use the whole space between the lines AA \ lUi ' , so that, in older to represent 
a complete noimal cyclone, there must be something besides the complete 
circles ot instantaneous lotation, namely the paits of the instantaneous 
ciicles requited to fill the cnculai houndaiy ot the disc Wc can lepiesent the 
component and lesultant motions by fig 2, the fust diagram ot which repre- 

»,.10 



senta the inatantuneona leaultant motion and the second the separate instan- 
taneous motion of a rotatme; disc and of a umfoimly flowing stream which 
can ICS the disc along with it 

It should be noticed that m the resultant distiibution there is a discon- 
tinuity ot velocity at the junction of the disc and the stieam. In the diagram 
the finite angle seems to he between the flow outside and the flow inside the 
disc, making it appeal that fluid crosses the boundary of the disc, that, ot 
course, is not the case I'he component in the direction of flow is common to 
both and the relative motion is the rotation of the boundary of the circle. I'he 
discontinuity would in actual cases cause eddies and the nature of the field of 
flow in the immediate neighbourhood of the lotatmg disc requires some ad- 
justment on that account which is not yet made out. 

'^rhus, in a normal cyclone there are two centres, one the centre of instan- 
taneous rotation, the point instantaneously at rest which we call the kimmattc 
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centre^ and the other the propei centre ot the lotating disc which wc call the 
tornado centre They he m a line at light angles to the path of the cyclone and 
are separated from each other by a distance Vjtr where V is the velocity of 
travel and ^ is the angular velocity of rotation of the disc 

On a map representing a normal cyclone the observed winds would give 
the resultant velocities for those points at which the stations happened to be 
placed A complete system of observations would enable us to construct the 
diagram of instantaneous lines of flow repicscnted in fig 2 It must be noted 
that this diagram gives no means of identifying the tornado centre It is, in 
tact, the point where the diiection and velocity ol the wind arc the same as 
the direction and velocity of the travel of the whole disc, but unless wc can 
determine that velocity with precision or determine the latio F/$ theie is 
nothing to point out its actual position and certainly no student of weather- 
maps, unless he had been previously forewarned, would suspect that the per- 
manent centie of rotation of the disc was at a point which gave no indication 
of Its presence by any obvious peculiarity of the winds m the neighbouihcKid 

The next question for consideration is the fitting of a system ol isobars to 
the lines of flow of the normal cyclone The answer is that if we consider the 
travel of the cyclone to take place along a horizontal plane and neglect the 
curvature of the eaith^s surface, the vaiiation of the gcostrophic relation with 
the latitude due to the variation m sin <56, and also the small variations of 
density that occur duiing the tiavel of the air m the horizontal layer, the 
appiopnate system of isobars will consist of a field of circular isobars, corre- 
sponding with the rotation of the disc, embedded in a field of straight isobars 
corresponding with the velocity of tianslation,but that the centre of the circular 
isobais will coincide neither with the centre of the lotating disc, the tornado 
centre, nor with the centre of instantaneous rotation, the kinematic centre 
It will be at a point on the line joining those two centres at a distance from the 
kinematic centre equal to V/(2co sin 

This will constitute a third centre for the normal cyclone. It will be at the 
centie of isobars as drawn on the map and therefore quite easily identified 
We call it the dynamic centre Since cyclones were mapped it has always been 
regarded as the centie of the cyclone, but clearly it is not unique in that* Our 
ideas about the relation of the features of a normal cyclone to its centre will 
not be complete unless we recognise that the permanent rotation is centred 
at another point, the tornado centre, and the instantaneous winds are centred 
about a third point, the kinematic centre. 

The demonstration of the position of the dynamic centre, tlie centre of 
isobars, with reference to the tornado centre, the centre of permanent rotation 
of the disc, follows simply from the combination of the field of pressure repre- 
senting the velocity of travel according to the gcostrophic law and the field of 
pressure representing the rotation of the disc with its cyclostrophic and 
geostrophic components 

Taking the centre of the rotating disc as origin with the axis of x to the 
East and that of 3; to the North, since for uniform Eastward motion the pressure 
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dmmt’ihe's uniformly to the North at the rate zoipV sin the geostiophic held 
of pressure for a velocity of translation V to the East will be 

p'-'pd'— 2/301 Fj sin ^ (i), 

where p' is the pressure at any point, the pressure at any point on the axis 
of X 'rhe equation to the circular field which would balance the rotation of 
the disc round a stationary centre at the origin is 

P~ Pf) -- -Ip? (203 sm <f> 1 0 (^‘■* I y"^) (^) 

Equation (2) is the direct integration of the gradient equation 
dpjdr p (20)0 sih <p 1 v'^ cot r/E). 

Neglecting the curvature of the earth the second term becomes v^jr, and 
V IS equal to , hence 

dpjdr p^ {200 sin p I Q, 

whence, since p and p are taken as constant 

P - Pa \pt ( 2 w sm ^ I 0 

and I 

Combining the two fields by adding equations (i) and (2) and writing P 
for the resultant pressure, we get for the equation ol the resultant field 

P - Po (20) sin p + 0 {x^ I y^) - 2p(MVysin ^ (3). 

This equation represents a circular field of piessuie round the centre 

F20) sin <p 
^(acusmc^lO’ 

and the pressure P„ is at the centie instead of the origin 'I'he distance of the 
dynamic centre from the toinado centre which was chosen as the oiigin is 

V 2<jo sin <l> 

£ ^ 201 sin ^ 1 S ’ 

and the distance of the kinematic centre fiom the tornado centre is V/C 
Hence the distance of the dynamic centie from the kinematic centre is the 
difference, that is F/(2o> sin ^ 1 S) 

It follows that a system of ciicular isobars embedded mi a field of straight 
isobars corresponding with the velocity of travel, having its centre at a pro- 
perly selected point, will provide the field of pressure neccssaiy foi the disc to 
go on rotating. The component and 1 esultant fields of pressui e are represented 
in fig 3. 

I’hat the centre of isobars is not coincident with either of the centres of 
rotation is a peculiarity of atmospheric motion arising from the fact that in 
consequence of the rotation of the earth a field of piessure is required to 
balance what appears in our reasoning as rectilinear motion in a horizontal 
plane rotating uniformly with an angular velocity w sin 
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These conclusions enable us to approach the tiuc position \Mlh u-gaui to 
the relation of winds to curved isobars which we weic unable to deal with 
previously owing to our ignorance of the curvatuie of the p<ith I*oi a tiavel- 
ling system of isobais in the form of circles the winds computed atcoiding to 
the gradient equation of page i would be a system of winds aiianged instan- 
taneously in circles round the kinematic centre distant I /{zm sin </> | from, 
and on the left-hand side of, the path of the centie of isobars It would indicate 
the existence of a tornado centie of permanent lotation at a distance 

V z<o sin </) 

^ '' 20) Sin <l) I C 

on the light of the path of the centre of isobais 

The next question is what resemblance the lesults ol this takulatum beai 
to leality as represented on chaits of pressuie and wind. We cannot make a 



Fig 3 ('ompoiiunt and lesultaut fields ol piesHuic foi a noimaf evUoni*. 


direct comparison without a further application of theory bccaubc what we 
have dealt with relates to a normal cyclone in the free atmospheie and oui 
weather-maps represent the pressure and wind at the siufacc. The repre- 
sentation of the pressure will serve for the surface as well as foi the fiee 
atmosphere, but the winds at the surface will be affected by the edily-motum 
due to the friction of the ground We can make an allowance for the effect, 
according to Taylor’s theory as in fig. 2, by assuming a deviation of the wind 
from the diiection of the isobars of 20" and a con esponding icduction of the 
velocity to two-thirds of that con esponding with the giadient in the fiee air. 
With this further application our theory is complete, except that we have not 
dealt with the discontinuities in velocity and pi cssui c-grailient at the boundary 
of the rotating disc In order to test the conclusions a theoretical map has been 
constructed showing a normal cyclone of 10 m/s at a distance of 100 kilometres 
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which travels m a broad westerly curient at the rate of 20 m/s The isobais in j* 

which the normal cyclone is formed are drawn curved but that should make 

little difference. 'Fhc region of discontinuity has been treated by bending the '..1; 

isobars in their course on cither side of the boundary of the revolving disc 

The map is reproduced in fig. 6 ! l! 

Foi comparison with this theoretical map we reproduce in fig 4 thcweather- V 

map for i8 h of September 10, 1903, representing an actual cyclonic storm j' i 

of that date 1 ' 

l.et us note the comparison 'Phe general similaiity of the two maps is / 

obvious, perhaps it has been made improperly so by the smoothing of the 1 '" 

discontinuity and by drawing an aibitrary isobar outside the region of revo- \j 

lution, but It IS confirmed by the agi cement between the actual velocity of 
travel of the storm which is given in the Lifc-lh^tory as 16 m/s and the geo- 

strophic velocity deduced from the isobars of its path which is 17 m/s I'he ' !l 

scale of winds which defines the angular velocity in the theoictical cyclone, ' 

namely lo m/s at a radius of 100 kilometies, is perhaps too large, as force it 

is shown in the outer rings of the theoretical cyclone and is an unusual figuie 11' 

for a surface-wind. Little change, howevei , in the general chai actei would be jl 

introduced by adjusting the ratio for a moie suitable value of the wind- 
velocity in the outer rings. 

There arc two features of agreement which aie vciy striking, one is the 
existence in the real case of close isobars in the form of incomplete circular 
arcs which are rcciuitcd to complete the mapping of the involving disc in the 
theoretical map. I’hey will be lecogniscd as chaiacteristic of small cyclones 
which travel rapidly. I'he other is the peculiarity of the wind indicated as 
passing outward fiom the innermost isobar of the real cyclone A wind with 
similai disobedience to the run of the isobars on the Northern side of the 
centre is shown in many other actual maps of rapid travelling storms There 
are seveial included in the carefully drawn maps of the Life-Ihstory We have 
been accustomed to regard them merely as unimpoitant irregulaiities to be 
expected from the light winds which are found near the centre of a cyclone, 
but if the theoretical map is correct so also are these hitherto irregular winds. 

They mark the rotation of the winds round a centre not coincident with the 
centre of isobars but on the left of its path, and that conclusion is confirmed by 
our previous inference that light winds are not excluded from the influence of 
the distribution of pressure but show closer agreement with it than strongei 
winds. Another interesting feature of similarity is the incurvature shown by 
the winds in the lear of the storm as compared with the stiicter agreement 
with the run of the isobars in the fi ont. These considerations lead us to accept 
the conclusion to be drawn from the conditions of the normal cyclone, namely 
that the wind calculated from the gradient by the full formula, using the curva- 
ture of the isobars, gives the true wind in the free air not at the point at which the 
gradient is taken hut at a point distant from it along a line at right angles to the 
path and on the left of it by the amount F/(2w sin ^ | For the particular 
cyclone represented in fig. 5, the distance is about 50 kilometres It inci cases 



Fig 4 Map of cyclone of Septemter lo, 1^3, xBh. Fig 5 Traj^ifcon^, or actual Paths of Air 
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Fig 6 Nomial cyclotic, of 10 m/s at 100 'kilometres, m a westerly current of 20 m/s 
The hirgei dotted circle shews the baundary of the revolving tlmd, the smaller, 
the posilion of the kinematic oentro of msiantancous lotation 
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with the velocity of ti <mt>lation V, and when ^ is equal to m sin </> anti the an in 
consequence loiins part ot a cap rotating; as a solid lound the pole it is equal 
to f>in <!>)• 

And moie striking still is perhaps the agieeinent to be iouiul between the 
actual paths of the an in the cyclone of Septeinbei lo 1 1 , 1903, tonsti acted 
many years ago without leteience to any theoiy whatevei fioin successive 
houily maps foi the Life- History, tor which the onginal diagiams aie repro- 
duced m fig 5, and the calculated paths of the ali in the noiinal cyclone as 
shown in fig 7 

Corresponding agi cement is to ho found in the case of the ciicular storm 
ot March 24-25, 1902, which is also figuied in the Life-llntoiy, but in that 



case the isobais which governed the rate of travel are found in the lear of the 
storm not in the front. It must be remarked here that what has been said 
about the travel of ciicular storms cannot be applied to the cyclonic tlepres- 
sions which often succeed one another in a belt between two isobais one on 
the North and the other on the wSouth, as in the case of the series of depressions 
of July, iqiS.andinthatoftheslfiwly moving depression of November n 13, 
1901, also figured in the Life-Ihstory I'hc environment of the cyclone is 
quite diffeient in these cases and the cause of the travel must be different. 
Cordeiroi has pointed out that the gyroscopic effect of a revolving column 
on a lotating earth necessitates a motion of the column in order to keep its 
axis in the progressive vertical, so that if a cyclone is to persist it must travel 

* ^ Cordciio, 'Ihe Atmosphere, New Yoik, Sixm and ClMitilM’diUii London, 

h and P" N Spon, Ltd ,1910 
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even it it is toniicd in a body ot calm air, but this subject belongs moie pro- 
perly to the ncKt chaptci In tins chaptci we have assumed the motion to be 
over a plane rotating surlace and the examples are taken from cyclones with 
rapid motion ot translation 

'riiere is anothci aspect ol the combination of a circular field of pressure 
with a lineai field to pioduce the distribution ot pressure which has been 
shown to be nccessaiy tor the travel oi a normal cyclone which is interesting 
from the point ot view ot travelling groups of curved isobars Foi the reasons 
which we give below it appears that it circumstances were so arranged that 
a linear field ot torce with gradient ? suddenly came into operation upon a 
stationary normal cyclone it would torthwith produce the field of foicc 
appropriate tor a normal cyclone travelling with the velocity V , whei e F is 
equal to '/(Sp), along a line at light angles to the superposed gradient and from 
left to right ot a person lacing the high pressure And, since the travelling 
normal cyclone has a distiibution ot 
velocity round the instantaneous centre 
indistinguishable from that ot the nor- 
mal cyclone round its tornado centre, it 
lollows that the sudden superposition of 
a gradient would ipm facto translorm 
the stationary cyclone into a cyclone 
travelling with the assigned velocity. 

In Geophysical Memom, No. 12 , this 
conclusion was reached from the con- 
sideration ot a proposition set out by 
Gold‘ to the effect that in a travelling 
cyclone which consists of rings of fluid 
in instantaneous rotation about a moving 
axis the relation between X, the radius 
of curvature of the path, and r, the radius of the instantaneous circle, is 

given by the equation x r/(i 1 Vsina/v), 

where a is the angle which the radius makes with the line of path of the 
kinematic centre. But the conclusion follows very easily from the properties 

of the three centres of the normal cyclone, fig 8 , ^ i 

Let O' be the centre of the stationary normal cyclone, O the tornado 
centre for a velocity ol travel F, so that 00' ^ F/C Let P be any point of the 
rotating air The acceleration at P will be t (201 sin ^ t Q OP Suppose a 
field ot unifornu gradient s (equal to VpQ to be supei posed upon the system 
in the direction O'O; the acceleration of P corresponding therewith is F^ 
It will be represented by a line O'O" where O" is defined by the condition 

O'O" OP VC Ci^oismcf 1- QOP. 

Hence O'O" F/(aw8m<^ 1 C) 

* liaroinoiru Urtuhenl atid Wind henree, M O Publication, 190, p n 
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'I'hius 0" IS also the dynamic ccntic of tiu- nomi.iI ivclom* with toiiMtlo 
centic 0, tiavelhng with the velocity I , aiui the lesiili.int .Rceleiation 
S {zw sm 1- 0 0"I' ts in cveiy rc«iveet the saine an the coinhinatmn of an 
acceleration I towauls the tornado eentu <) with an 

acceleration K/(2wain«^) propoitional to (H)" aeiosh tlie line of tiavel fioni 
right to left I’liat is to say, the lestilting giadieiit oi distidnition of ineasurc 
IS the same in diiection and magnitiuie an that UH]ititeii foi a travelling 
normal cyclone centred at (>. 'I’lie difleienee between the enrvalnie oi the 
path and the curvature of the circle of instantaiieouH motion is evpteshed by a 
linear field of pressure which tends to push the lotating an towaids O. The 
effect of the push is not to displace the system m the diiection of the push but 
to make the instantaneous centre of lotation tiavel fioni left to light aeioss 
the line of the push carrying, of course, the lotatiiig H\stem with it 

At the moment of the superposition of the new tiansveise giadient thete 
IS nothing (except the extent of the aiea affected) to liiHtinguinh the motion 
of rotation round O' from an identical motion of lotation lound O combined 
wit() a translation V\ they arc simply two aspects of the same field of motion. 
Consequently when the new field is supei posed all the tones will be accom- 
modated if instead of continuing the original umuioii immd the point O', 
another aspect of the same motion is continued, namely, rotation louiid (> and 
travel with the velocity V, 

If instead of a finite guidieiit Iwing sittldeiilv supei (tosed the super- 
position was gradual as, for example, by the passing oveibead of a system of 
isobais belonging to the region of the stratosphere, the development of the 
corresponding travel of the normal cyclone would he Hinulaily giadtial. If 
we pursued the matter further we should have to leeogmse that only a part 
of the stationary cyclone forms complete circles loimd the point 0\ the new 
permanent rotation would be lop-sided. Also the stutioiuirv eyt lone has to In* 
imagined in calm air, and in the new conditions it is through the surrounding 
air that it would have to make its way and we eiui make no estimate of tlie 
reactions that would ensue. 'I'he new gradient, if it extended lieyond the area 
of the cyclone, would not help matters as regards the enx ironment ; for the 
balancing motion corresponding therewith is in the opposite direction from 
that in which the cyclone has to move. 

What modification in the subsequent motion these eonsidrrations would 
introduce we are, therefore, at present unahle to say, hut without tluit further 
development the result obtained is of considerable interest to us in mir 
pursuit of an answei to the question of the relation of the wind to tlie ilistri- 
bution of pressure 'I’hat the wind should always be reganlrd as biilaiu ing the 
giadient is a hard saying for many meteorologists, ft has even been said that 
the assumption simply ignores the causes through whose opeiation the t hange* 
which we wish to study are brought about. We may attempt to devise circum- 
stances under which finite changes of pressure would coiuTivably eoine into 
operation so quickly that the theoretical adjustment could not fiave been 
approached. The reader must be content to judge whether tfie cwnchtsions 
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which have been drawn from the assumption throw sufficient light on some 
of the hidden atmospheiic processes to make it worth the risk From the 
results of oui work it seems possible that as a general rule in the free atmo- 
spheie in ordinary circumstances the disturbances of the balance are not 
huge enough to interfeie with the conclusions to be diawn from it, but there 
may be in special localities singular points or lines, points or lines of conver- 
gence oi diveigence,and thcrefoic of convection, to which we cannot apply the 
assumption of a balance between the field of pressuie and the field of velocity 
'I'he last proposition enables us to get some insight into the effect of a 
difference between the actual field of piessuic and the field required for the 
balance, which may be generalised by saying that with cuived isobars the 
uncompensated part of the field will express itself m thetiavel’of the gioup 
of isobars. 'I'he only case that we have dealt with algebraically is that m 
which the uncompensated field is uniform, but we may suppose that in 
general the effects will be similai when the condition is not satisfied, and 
here we may with advantage reveit to the pimciple that each sector which 
preserves its identity is subject to the same conditions as a complete rotating 
system. It we find on the map a persistent gioup of isobars consisting of Seg- 
ments of circles and if wc can by any means identify the instantaneous centie 
of its winds, the difference between the actual field and the field appropiiatc 
to permanent rotation round the instantaneous centie will be expressed by 
a propel motion of the group of isobais. The identification of the kinematic 
centre must depend upon furthei study of the field of motion in actual cases. 

Our consideration has been limited by the lestriction to motion over a 
plane surface, we have not yet been able to extend it to a spherical surface 
It would be interesting to know what the effect of a specified uncompensated 
field would be upon the motion of a rotating cap of air such as those which 
we considered in the eaiher pages o^ this chaptei, but we are not aware of 
any investigation which answers this question 

A further mattei of inieiest is the tiavel of anticyclones legarded fiom the 
standpoint heie adopted for that of cyclones, hut that must be left for the 
readei ’s own reflexion. 


(^IIAFI'KR XI 

Remlvinff Fluid in the Atmosphctc 

The literatuie of dynamical inctcotoloKV i» cittu'cinni \uth the idea ot 

revolving fluid as represented perhapa pnnuinlv m tiopical revolving Moirns 
and in other whirls on a smaller scale anil then hv a ptoeess ol analogy in the 
phenomena of the cyclones and anticycltmes which liad taken an cHtahhahed 
place as the primary features of the weathei-maps of nndiile latitudes. In 
introducing the name anticyclone for the regions ol closed isohais Hutiomiding 
a centre of high pressure Sir Francis (Jalton* used the following words 
“Most meteorologists arc agreeil that a ctrcumsi't ihed area of haiometric 
depression is a locus of light ascending cnrients and therefore of an iiuhaught 
of surface winds which create a retrograde whirl (tn out liettusjdiete). Con- 
sequently we ought to admit that a similar aieii of haroinetrte elevation is a 
locus of dense descending cut rent, and therefore of a disper.sio!i of a cold dty 
atmosphere plunging from the higher regions upon the suifaie of the eiiith, 
which, flowing away radially on all sides, heeomes sit length iinhueil with a 
lateral motion due to the above mentioned cause, though acting in a ihfrerent 
manner and in opposite directions.” 

Based upon the representation of the process which these words convey 
there giadually grew the conception on the one hand of the ccntial area of a 
cyclone on the map as a centre of centripetal motion, a finniH of attraction for 
the surrounding air and the general id^i of a cyclone as a region of aHcending 
warm air producing rain or snow; round the central region the air moves 
inward with a counter-clockwise motion in 8[iin«l curves. On the other hiuui 
the conception of the central area of an anticyclone is of u centre of eentiilugal 
motion, a icgion of repulsion; the general area of an antii velone ns » region of 
descending cold aii which moves with a clockwise motion spirally outwards. 
The conventional repi esentation of cyclones and anticvelones inchidetl the 
instantaneous lines of flow as a series of double spiral or leveised 8-shi»|H‘d 
curves leading from centres of high pressure to cetitres of low jiressure. 
We have explained elsewhere the ohjections which may he urged against these 
conceptions of the physical nature of cyclones and anticvclones. In the lafe- 
History of Surface Atr^Currents the paths of ait over the surface were shown 
to be quite difTerent in actual shape from tire instarrtaneous sprndh am! to 
include motion from low pressure to high pressure, despite thr* instantaneous 
incurvature towards the “low,” in consctptence of the titive! of the isobars. 
And in previous sections of this work we have given reasons drawn from the 
conditions of thermal convection which controvert tlie idea of a descending 
^ PrAi Hov »Sfr . vul ^it. p iHf»| ^ 
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column ot ail , assumed to be cold, in the central region of an anticyclone in 
direct relation with an ascending column of air, assumed to be waim, in the 
centi al region ot a cyclone. 

1 lere we wish to lemind the reader that the idea has been found singularly 
sterile as a means ot developing oui knowledge of the physical pioccsses which 
are e\pi eased by the weather which we experience The giouping of the 
phenomena with leference to the centre ot isobais of tiavelling cyclones has 
proved inetTective for this purpose 'Fhere was no symmetiy with lespect to 
the centi e toi any of the meteorological elements with the exception of pi essuie 
and, to a certain extent, of the winds The difficulty lay in the fact that the 
teatiire ot the phenomena for which it was necessary to find an explanation 
was the travel ot the groups ot isobars aci oss the map That essential part ot 
the phenomena was ignored, being legaided as a matter that could be dealt 
with sepaiatcly without distuibing the elements of the cyclone visible on the 
map. When allowance was made toi the motion of the gioup of isohais which 
form a travelling cyclone the residual velocities wei e not those of air in 1 otation. 
round the centre ot isobars We had no use for the details of the pioperties ot 
fluid m permanent rotation because we could not find examples on our maps 
to w'hich they could be applied 

But further inquiry showed that examples might be found in localities 
wlicie they had not previously been looked foU It was first realised that the 
laobais corresponding with a column ot fluid in peimanent rotation an 
travelling bodily across the map would not necessaiily be indicated by con- 
centric circles but might be shown by local deviations of isobars from their 
regular run with reference to the centi e ot a large cyclonic depression, such as 
we are accustomed to call “a small secondaiy.” Two examples weie adduced 
One which was sufficiently indicated in the isobars of the maps toi Maich 24. 
iHoe, travelled from Ooik Harboui to the mouth of the Humber at an aveiage 
speed of « miles per hour, and then went on to the west coast of Denmaik 
with an aVJrage speed ot Ha miles per hour Its diametei was P™ba% almut 
1 .50 miles at the beginning ot the journey and 300 miles *0 end 1 he 
velocities wete in lough ag. cement with the geostrophic ^ “ 

,n which the local circulation was formed A notable peculiarity 
was that no rain tell m the tiavelling cyclone. The other case was 
tornado which visited South Wales on Octobei 27, 1013 It was less than 
10 miles in diametei and showed no distuibance of the isobais as 
maps for the day. But it travelled along the line of the isobars with a velocity 
about three-quarters ot the computed geostiophic wind It was accompame 
bv very heavy rain in various localities on its route 

^ were .ufficict to show that the proporttos ot .cvo ™e 

tkiKl aro portinont to the phenomena of travelhns 

the nroner centre of permanent rotation can be identified. 1 he indication wa. 
c'nfln by l 'meurrence of torMdoc. m the aouthem porhon o the 
C cydome depr™».om of the Umted S5tat«, the Bro„gh-hne ot a k,ge 

I Sluw, • I<.iv.fKitw Hu.fl in tlm Atniosi.hf.f,' I'm Uny Snt, A, vol xuv, j) n, ojiy- 
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depression was indicated as a probable locality foi their torination. At the tune 
velocity tangential to the isobats and unilotni o\et tiie aiea ol the section of 
the tiavelling column was assumed as being a siifiieient geneialmtion of the 
iriegular velocities obseived at the suiface m liilieient pails of a tiavelhiig 
cyclone. Subsequently it proved to be tlesirahle to evaimiie the phenomena of 
the tiavelling cyclone in lelation to the piojieities of the noiiiial evelone as 
defined in the previous chapter and the piopnetv of iiiehuhiig in a similar 
category other cyclonic depressions with piopeilv chosen eentich hetanie 
evident It may be noted that in doing so we a|ipioath the question of the 
cyclone from a standpoint which is difleient Itom that whit li ( hilton indicated 
We regard the mcurvatuic of the surface-winds not as the piimaiv step fioni 
which all the rest of the phenomena aie deuved hut iiieieK as meuiental to 
the retardation of the lowest layers of the tevolvmg aii In the fiietion of the 
ground. We make no hypothesis as to how the an at some unknovMi height 
above the giound comes to be m rotation. 'I'lie question to which we address 
ourselves is what happens to the revolving aii dming its life histoiy as a 
definite tiavelling mass 

We shall evidently be on safe ground in ajipKing the {uopeities of re- 
volving fluid provided we think ot the piopeities as lelafeil to the tentre of 
the rotating mass and not to the centie of instantaneous rotation 

“Such simple conclusions from the ilynumiis of iiwohing fluid as ate 
within our reach ” have been set out by Loui Rayleigld foi the 1 east m that “so 
much of meteoiology depends ultimately upon tiien stiulv ” : we eannot, theie- 
fore, do bettei than appropriate his conehisicms. Thev deal with rotation 
about a fixed axis and make no allowance foi the rotation of the eaith. This 
limitation must be borne in mind in consiiiering the distiihution of piessure 
appropriate to the field of motion which is imheated. 

The reasoning is based upon the fundamental equations of hv di odi, nainics, 
adapted to cylindrical coordinates r, 0, a with velocities k, r. w u-ikoned 
respectively in the direction of r, ff, a, increasing, l-'or the pnwnt purjames 
assuming symmetry with icgard to the vertical avis the eqiialionH become 
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where P (assumed to be single-valued and also inde|H‘ndcnl of ft) is equal to 

Wf> y ( 4 ). 

V IS the potential of the extraneous forct*a of whieli only the fone of gravity 
need be consideied for present purposes. 

We ma> take m order the properties which Lord Rayleigh ilciluees from 
these equations 

‘ ‘On the Dyiumusot K,-viiIviiik Hm.l H.<v S... \ u,\ m iii 0 t |S , 
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1 Persistence of “ circulation ” and conservation of angular momentum 
I^uatum (2) may be wutten 

[It '-“sr-* (S) 

'Phis sif^nifies that rv may be consideied to move with the fluid If r^, Vq be 
the initial values of r, v foi any paiticle of the fluid, the value of v at any 
future time when the particle is at a distance r from the axis is given by 

rv 

2 Motion in veitual planes through the axis of z, as for example the ascent 
of air near the axis and its descent in the outer region or vice versa 

The motion is the same as that which might occur if z; •= 0 with the 
addition of the centrifugal acceleration v'^jr along r 

3 Ihstnhution of pressuie when there is no radial or vertical motion In this 
case u o and re 0, and it follows from (3) that P is independent of z and 
therefoie a function of r and t only Fiom (i) it follows that v is also a functioti 
of 1 only and P fr'V/r/r. Accordingly by (4) 

fdp/p V I /©V ^dr (6) 

r IS the potential of the impressed forces; and, if gravity (acting downwards) 
18 the only extraneous force, V is equal to C — gs whence 

fdpjp C — gs 1 

h’m the solution of this equation we require to know the conditions of the 
motion in respect of the i elation of p and p For an incompressible fluid p 
would be constant For isothermal variations Hoyle’s law {p - a^p) would 
hokl and Lord Rayleigh deals with no othei alternative In the free atmosphere 
the changes must be regaidcd as approximately adiabatic and the relation of 
p and p will depend upon whether the an is saturated 01 not Assuming that 
the changes ilo not pass saturation we may write 

P i*P)\ 

whete « depends upon the entropy of the sample of air Hence 

p(y >)/y, P~gz + fv^dr/r . (7)- 

y ^ 

At a constant level dpfdr is always positive Pressuie and consequently density 
dimmish as the axis is approached. Hut the rarefaction near the axis does not 
cause the fluid tbeie to ascend, d’he denser fluid outside is prevented from 
appioaching the centte by the centrifugal fotce This conclusion would be 
modified for the bottom layei of the atmospheie wheie there is loss of ciicula- 
tion in consecjuence of the eddy-motion of the air ovei the giound 

4 Htahility of the motion I’he equilibrium repiesented by equation (7) 
will hold good whatever may be the relation between v and r, but the motion 
might be unstable. 'I’lie instability in the atmosphere with which we aie most 
familiar is that of layers of air of which the heaviei is above the lighter or to 
speak more technically the higher has less entiopy or potential temperature 
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than those beneath It the atmospIuTc is iseimopic the etjuilihrium h nential 
So a senes of rings of fluid may be in etiuililniuin Imt unstable because the 
outei rings are not revolving fast enough. 'The lotational etjuilihiitun is 
neutial if vr is uniform over the aiea at any level because when motion takes 
place m one level vr remains constant and e(|uul to k lot a ring consisting 
always of the same matter and the centiifugai toice acting upon a given 
portion of fluid is A®/r‘. It is stable for iluul i evolving one way between 
coaxial cylindrical walls only under the condition that the enculation ink in- 
creases with r The conclusion is confnnied by the coiisideiation of the change 
of kinetic energy on the intei change of two nngs. 

The result is applied to two cases of fluid moving between an inner cvlinder 
and an outei cylinder If the inner one rotates while the outer is fixed the 
equilibrium requires that the circulation shouhl diminish outwards ami there- 
fore the motion of an mviscid fluid in that case woulii be unstable. On the 
other hand, if the outer cylinder rotates while the innet is tixed the motion 
satisfies the condition that the circulation increases outwimls and so the 
motion of an inviscid fluid would be stable. 

Fiom these conclusions we infer that, regarding the motion of the margin 
of a column of revolving fluid forming a cyclone as the totation of the innei 
cylinder, the motion caused in the air whieli surrounds it will fve unstable, 
and presumably its energy will gradually be dissipated, wheieas if we may 
regard the air-currents round the margin of an imtievelone as a lotating outer 
wall the motion caused in the air within will be stable. 

Consideiations of the stability of the motion of revolving fluid must be 
regarded as of vital importance in the study of the dvnamies of evelones and 
anticyclones in so far as they are examples of levolving fluid. The mere fact 
of the obvious persistence of the motion of rotation of evv loiies is in itself 
remaikable considering that it is maintained in an envirotimenl that has no 
intrinsic cohesion. An outer cylinder can only lie represemnl bv the pressure 
of the surrounding air and an inner cylinder by the pressuie of a enhmm of 
revolving air In watching weather-maps we sometimes see " seeomlaries’’ 
absorbed into one primary and sometimes, as in one of the eases in the Life- 
History, what was originally a secondary may abwirh its own prinurv. These 
are apparently cases in which the stability of the motion round the ultimately 
.succe.ssful centre was overpowering. What we winiUl like to know is whether 
the energy of tempoiary disturbance of the motion due to Ua'al eonveetion at 
some point away from the centre can be absorbed in the motion round the 
original centre and the intensity of the system grow in that way by sinTi*ssive 
slight additions in different parts of its area in the same way as a boy's whip- 
top can acquire speed of rotation from impulses that wouk! meet with no such 
response if it were not for the stability of the motion alreatiy jHwsesseil by the 
top But the air has no rigidity nor has its motion the stabilitv which rigidity 
gives, and in spite of that it can acquire stability. Apparenllv sonieliines one 
centie, sometimes another is favoured and the eiinditions iif priderence are 
unknown to us 
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5 The distribution of velocity and the variation of pressure in the outer 
region when there is convergence towards the axis This is approached by assum- 
ing that w IS a function of r and t only and that = o or at most a finite 
constant Pressure may be supposed to be kept constant at the axis or piefei- 
ablv at an inner cylindrical boundary by the removal of fluid from within a 
certain radius This is the idea of the central portion of the air of a cyclone 
being removed by upwaid convection which is in the minds of many meteor- 
ologists as the fundamental conception of a cyclone but which can be only 
vaguely suppoited by the actual phenomena of weather which accompany an 
ordinary cyclone 

On the hypothesis that zy = o or constant the motion is two-dimensional 
and It may be conveniently expressed by means of the vorticity t, which moves 
with the fluid, and the stream- function rjs connected with ^ by the equation 


r dr \ dr J 00^ 


( 8 ) 


The appropriate solution is 

if) — z \^r~^dr^^rdr + A log r + BB ( 9 )> 

where A and B are arbitrary constants of integration Accordingly 

In general A and B are functions of the time and ^ is a function of the time 

as well as of r , v u a ^ 

If ^ IS initially and therefoie permanently uniform throughout the fluid 

v^^r + Ar-^ (”). 

and Loid Rayleigh remarks that this equation is still applicable under appro- 
priate boundary conditions even when the fluid is viscous In the case of the 
normal cyclone z; - Cr and therefoie A^o But if the central portion of the 
cyclqne be removed and the outer boundary closes in from Bq initially to K 
at time t, since vr remains unchanged for each ring of fluid we gel 

+ (t2) 

And thus convergence towards the axis in a normal cyclone causes the fluid 
to acquire in addition the motion of a simple vortex of intensity increasing as 
R diminishes 

If at any stage the convergence ceases ( 6 ) gives dpjdr — pv jr and neglecting 
the variations of density 

PIp _ ^2 + 2 _ R^) logr-l {R,^ - R^Y r-^] + const (13) 

Since c® as a function of r continually increases as R diminishes the same is 
true for the difference of pressures at two given values of r, say and , where 
r, IS greater than Hence if by removal of air or by any other process the 
pressure is maintained constant at it must continually increase at r^, or in 
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meteorological language convergence to a central region at which the pressure 
remains constant will require an increase of the gradient of the cyclone by 
increase of the pressure in the outer rings 

Lord Rayleigh concludes by explaining that when the u, w motion is slow 
relatively to the v motion we may formulate a general idea of the solution of 
the problem When revolving fluid is drawn off from a point near the axis of 
rotation there is a tendency for the surfaces of constant circulation to retain 
their form and position the more pronounced the greater the speed of rota- 
tion The escaping fluid is therefore drawn off along the axis and not sym- 
metrically from all directions as when there is no rotation Thus we may 
conclude that convection near the axis of a column of rotating fluid in the 
atmosphere will increase the gradient of pressure in the column provided 
that the air which is removed is disposed of without altering the other con- 
ditions of the environment 

In appropriating these propositions as contributing to the- comprehension 
of the phenomena of weather we have accepted Lord Rayleigh’s suggestion 
and must now remark that a careful analysis of the phenomena of the atmo- 
sphere is necessary in order to find examples to which the conclusions can be 
applied The direct motive of their exposition was to give an analytical repre- 
sentation of experimental results which J Aitken^ had previously put forward 
as contributions to the study of cyclones and anticyclones We therefore briefly 
recapitulate the experiments described What concerns us chiefly m this 
part of the subject is the apparatus with which the experiments are conducted 
because in such cases the reader requires to think for himself whethei the 
conditions and arrangements prescribed for the experiments have their 
counterpart in the atmosphere 

In Part i, m order to show that some initial motion of the fluid is necessary 
for a vortex to be formed, a Vfessel of water is used with a plug at the bottom* 
that can be operated from the outside, and subsequently provision is made 
for the position of the opening with reference to the circumference to be 
changed m order to show* that if there is a difference of current on two 
sides of the axis the motion of the vortex is with the stronger current " The 
same apparatus is used to show that the actual velocity of motion in the 
vortex IS increased m a notable degree as the centre is approached, and this 
conclusion is further illustrated by a rotating system consisting of two balls 
which can be made to appioach the axis of rotation while the whole system 
IS spinning, when it is seen that the actual energy of motion of the balls 
increases as they get nearer together This is in accordance with the conclusion 
that vr IS constant 

For making experiments upon cyclonic movements in air a metal tube 
15 cm in diameter and 2 m high was used At the lower end of the tube was 

^ ‘Notes on the Dynamics of Cyclones and Anticyclones/ by John Aitken, FRS, 
Parts I and II. Trans Roy Soc Edin , vol xl, p 131, 1901, Part III Proc Roy Soc 
Edin, vol XXXVI, p 174, 1916 ‘Revolving Fluid in the Atmosphere/ Pruc Roy Soc 
vol xciv, p 250, 1918 
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a circiilai diRC 75 cm. in diameter supported on three legs 15 cm high, thus 
leaving a apace oi 1 5 cm between the disc and the table on which it rests 
'I'o produce an up-draught jets of gas were fitted inside the tube near the lower 
end 'I'o study the circulation between the disc and the table a number of 
light vanes, or fumes of hydrochloric acid and ammonia, were used With this 
apparatus it is shown that the air moves radially towards the chimney if there 
IS no initial movement in the air before the up-draught is started An initial 
movement equally strong at all points is not of much use in geneiating cyclonic 
movement , but if the current on one side is cut off by a screen a violent cyclonic 
motion results m which the fumes are carried to the chimney m graceful 
ascending spirals It is the lowest stratum of air that is drawn to the veiy 
centre A further effect of the tangential motion is that the lower end of the 
cyclone bends away from under the ccntie of the apparatus, moving m the 
direction of the tangential current Similar experiments can be made simply 
with a good fire, a free going chimney and a wet towel with a suitable arrange- 
ment of the draughts of the room In this case when the wet towel is held 
vertically in front of the fire the steam is formed into a horizontal column of 
revolving air leading from the towel to the chimney 

In Part li the apparatus used is a large sheet of metal 75 cm square 
forming a platform which can be heated by gas burners underneath, or other- 
wise, and from which wreaths of steam use irregularly , when the hot surface is 
covered by wet cloth or paper, unless there is a definite cunent of air which 
passes over one part of the platform and misses the other In that case the 
rising steam is gathered up into small cyclones which may reach a height of 
a metre or moie above the platform and which tiavel across the platform with 
the characteristic featuics of the eddies that are sometimes seen in the open 


In Part ni the formation of a horizontal whirl between a wet towel and the 
chimney over a good fire is depicted, and further a useful modification of the 
arrangement for forming a vortex in water, by replacing the plug ^ ® 
bottom by a siphon drawing water from the top, is described and figured and 
attention is called to the narrowness of the vortex produced in that way ihis 
feature is dealt with in Lord Rayleigh’s paper and it will be useful to b®" it 
in mind when we come to consider the transmission of a circular held ot 

pressure from the upper air to the surface u ,.«oiUr 

It may be remarked that the experiments which Aitken describes are really 
experiments illustrating eddy-motion Others aie to be found elsewhere. In 
thl Hcience Museum at South Kensington is a glass chamber with apparatus 
devised and constructed by W. H. Dines, in which a fine vortex of steam 
about a metre and a half m height can be developed at will , a gas J®t below a 
water vessel in the bottom of the glass chamber is used to form the steam and 
a small exhaust fan in the ceiling provides the necessaiy convection. 

Many experiments with eddy-motion in closed vessels are described by 
C. L. WeyherL and other authors have given descriptions of experimental 
^ C L W©yh€i, Sur ks lourhillom, Gauthier- Villais, iSSg 
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illustrations But the question whethet tlirv au* loalh ifl'u-M'iitaiivf of 
cyclonic motion in the atmosphere ilepeiuls upon the pieiisi uiialo}j;\ ot the 
conditions In the free atmosphere we iiiisn the ni-ul houmiaiies ntui dis- 
continuities which so often lorm an essential pait nl the expemnental appaiu- 
tus On the other hand we have the ubiquitous efleit ot tlu lotation o| the 
earth Thcie is a quasi-ngidity attaching to the motion of Ik xifde ehaniH uiulei 
tension, but in developing its own speties ot ngiditv with «uil\ a single co- 
efficient of elasticity the atmosphere has to rely entneh upon the distiihution 
of pressure foi pi eventing gencial disruption, lienee weaie tin own haik upon 
the lelation of pressure to wind as after all the ehiel lonsideiation ot the 
dynamics ot the atmospheie 

In his paper on icvolving fluid before the Royal Soi iely , \itken desei ihes 
a new experiment of great interest designed to illustiale the effect ot lain in 
replacing dusty air by clear air at modeiate heights. .\ huge eiteulai flat- 
bottomed vessel was filled with water m wliieh a little fine sawtlust was mixed 
to show Its movements. 'I’hc water was set in ciietihu motion with a steady 
flow • sand was then dropped into the water to imitate falling lain ; the eurient 
was followed round with the hand so as ulvvays to ilrop the sami in tlie same 
part of the rotating watci “When this was done a tpiite vxell formeil edilv oi 
cyclone was observed which travelled toumi in the vessel at the ilistauee fioni 
the centre at which the sand was dnqiped in. It was in nuniiitiiie like a 
secondary cyclone moving in the cunent ol the large eyelone lexolving in the 
vessel Only asmall quantity of sand is teqnired to prodnee the lesnlt, i orig. 
being sufficient ” It is usual to regard the convection which piecedes the 
ram as the cause of the secondary and the idea tlnit I lie seeoiulaiy may he 
produced by the dynamical effect of the tailing tain is eettamly novel and 
adds another to the marvellous varieties of eddy-motion. 

In considering the meteorological application of eKperimetits the fitting of 
the several models to the actual phenomena of tlie utmosplirie leijuiies the 
utmost caution One has only to consider the difference fietween tfu* onfinary 
phenomena ot convection as illustrated in the lahonitory and the coi resjMiinling 
phenomena on the large scale in the atmosphere wheie the conilitions of the 
environment are of at least as much importance as the local conditions ot the 
au which rises or falls, in order to realise that the scale ol the free 4fni<wptu*i'c 
introduces conditions peculiar to itself. 

With regard to the application of Lortl Rayleigh's equati«m.s and Aitken's 
experimental illustrations to the phenomena of cyclonic ilcprcssions or anti- 
cyclones as we find them represented by meteorological ohjwrvations we ought 
to devote our attention especially to the details ol tfie motion of tlie air and ot 
the distribution of pressure and density within the cycloni* or anticycionc 
because those are the elements which enter into the equations .mil arc icpre- 
sented in the experiments. This object is by no means easy of uttainment with 
the material at our disposal because there is not enough information to enable 
us to complete the picture with the accuracy that a rigorous romt'arison 
requiies. We have already cited two instances m whicli the idea of lotafing 
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columns ot air appeals justdied but they aie on a comparatively small scale 
and the details ot distiibution within the areas identified aie too meagre for 
a proper comparison. In the cases of the fast tiavelling storms of September 
10 1 1, 1903, and March 24-25, 1902, we have sufficient detail to show that 
the phenomena aie taiily well represented by a rotating column of fluid with an 
apptopiiate centie and we shall presently give some noteworthy evidence as to 
the ihstnbution ot velocity with retcience to the centre ot the September storm 
at one point ot its course In considering cyclones of largei diameterwe are faced 
with the difficulty that convection which may be lepresented by rainfall alteis, 
toi the time being at least, the regulaiity of the distribution of pressure and 
wind. We have no satistactoiy expression for the effect of local convection 
outside the central region We may surmise that it will cause a local circulation 
and it sufficiently prolonged may give use to local rotation of sufficient extent 
and intensity to become recognised as a secondary depression and ultimately, 
it conditions arc favourable, may absorb the circulation of the original 


system. 

We have, however, some guidance from Loid Rayleigh’s equations as to 
the etlcct ot convection near the core of the revolving column and it will be 
useful to add some further considerations as to the process, regarding separately 
in accoi dance with proposition (5) that part of it which is operative during the 
convection and that part of it which follows when the convection has ceased 


and the rotation continues. 

While the convection is operative within the core of a revolving column in 
the upper air it has been shown that air will be diawn from the core of the 
column below, not from the cylindrical walls which surround the rising air, 
the question of the statical equilibrium of the core ot the column beneath the 
original locus of convection does not entei immediately into the solution 

C'onvcction will take place spontaneously when the successive layers of air 
are so arranged that the entropy or potential temperature of the lower ^rata is 
greatei than that of the higher and will go on until that state of affairs is 
.ended How the ascended air distributes itself we cannot say because we 
have no adequate means ot forming an opinion I'hc shape of an anvil cloud 
forming the top of a cunuilo-nimbus cloud may give us an indication on a 
comparatively small scale We have assumed that the motion of clouds m the 
upper levels gives us an indication of the distiibution of pressure at those 
kvels. We cannot therefore regard it as independent of that distribution and 
we cannot coordinate their motion with the ascent of air from down below 
until we know what the distribution ot pressuie in the upper an is 

Oui knowledge of the phenomena at the top ot a revolving column of an 
when convection is active at the core is therefore veiy defective, we can only 
say vaguely that the convection will go on until the conditions for thermo- 
dynamic stability are satisfied I'he ascending air cannot as a rule 
of inversion of lapse of temperature nor penetrate far into an isothermal 
region, a region of no lapse. When the thermodynamic conditions arc satisfied 
the rotation of the air prevents the flow of air from the sides to the core and 
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the theimal conditions prevent tlic air Iilling up the low piesMue from the 
top unless the column travels hoin undei tlie an which lias liaen to other air 
of lower entropy. 'J’here will be a certain amount of flow inwauis at the bottom 
but that will be restricted by the isentiopic conditions of the ascent and .some 
considerable time will be requited to diainfej;tatc the lotation. If, tlierefore, 
the column be finished oil at the top in such a way as to pievenl the low- 
pressuie filling up there the revolving column might tiavel fbi a consideiable 
period without material change I*rotection of that Kind might be afloided if 
the column were surmounted by a cap which tiavelleii along with the eohnnn 
and m which the rotation giadually diminishetl with height. 

We have no satisfactoiy information as to the level at whith the lievelop- 
ment of a column of rotating fluid begins nor how fur up it e\tends. If it 
originates spontaneously with convection the rotation must piesuinahlv, fiom 
the experimental analogy, begin iti the layer fiom which the asiending aii is 
drawn, and whether it subsequently extends upwards we lannot sav, hut we 
may show that the rotating motion will always extend downwanls to the 
earth’s surface if the convection persists long enough. 

The rotation will develop a circular distribution of ptessure which on the 
principle of the transmission of fluid piessurc will he transmitted to all the 
layers beneath I'hose layers at the first setting up of the eireiilai isobars 
within them will not have the rotation which keeps the fluid from tnoving 
towards the axis to fill up the low pressme; eonHetjuentH the aii will move 
inward towards the cote and the part immediately below the core of the whirl 
will pass upwaid into the core, the air moving inwards in the layer beneath 
will giadually develop rotation which will balance the ilistrihution of jiiessiue, 
and so the core will gradually be drawn out of the column beneath and rotation 
set up provided that the convection up above is sttong enough to carry with 
It the air supplied fiom the core of tlie column beneath. 'I'lniH the smlden 
creation of a circulat field of pressure due to the convection will set uji a sort 
of trunk of “suction” along the core which will extend further liownwards 
as the rotation giadually develops and ultimately reach the grouml. If the, 
original instability is very marked it seems possible that the suction at the 
ground, when the core reaches it, might be very strong and the iniush and 
uprush of air near it very powerful. 'Phis process on a large scale might account 
for the carrying up of dust, sand, small fish and other objects into the core mid 
so upwards into the airh 

And here it is impoitant to notice in continuation of the proposition, 
explained in chaptei x, as to the superposition of a uniform linear held of 
pressure upon a circular field, that the transmission to the surface of a circular 
field of pressuie suddenly created by convection or otherwise in the upper air 
would form a circular field at the surface within a field of straight isobars, but 
the centre would not be vertically underneath the centre of the eirtuilar fielii 
in the upper air 1 here would be displacement of the centre of eiiciihii isobars 
through the distance Vj(ztt> sin <!> i {) where ^ is the angular vrliKuty of the 
‘ Cf Nature, vol cu, p 46 J Mei .s,„ , v„l x,4v. p i.,is 
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original rotation and V is equal to p being the gradient of the super- 

posed field, in this case the gradient of the field due to the layer between the 
original level oi the whirl and the ground The added gradient of this layer 
will be repiescnted by the change in the flow of momentum m the layer 
Flence wc may conclude that the core of a column descending to the surface 
will not be along a vertical line but to a point on the surface displaced from 
the veitical across the wind of the lower layers The air will be drawn out 
along the line of the core whether it be vertical or sloped at the angle defined 
by the superposed gradient In this we may find an explanation ot the re- 
semblance of watei -spouts to elephants’ tiunks, and we may also conclude m 
general that the core of a column of revolving fluid will not be vertical and 
that the position of the coie at any level will depend upon the gradient, at that 
level, of the isobais within which the rotation takes place It has long been 
surmised that the axis oi a cyclone is inclined to the vertical and the con- 
siderations here set out add definiteness to the meaning of that idea Oppor- 
tunities for definite evidence upon the subject aie lare but we may cite an 
instance of a pilot-balloon ascent close to the core of a cyclone at 17 h 1 15 m 
on 28th March, 1918 

The point of observation, near Leith, was about 100 kilometies due North 
of the centre of a well-marked ciicular depression which was complete up to 
800 kilometres in diameter 

The observations were 

Height I 234 5678 9 10 k 

Wmd-vclocity 4 3 3 3 46 912 9 8m/b 

Wmcl-direction E SE S SE S SW S S S S 

Thus the results give a South wind Ihove the Easterly wind on the surface 
and point therefore to the displacement ot the core towards the North West in 
the upper air 

From these preliminary considerations we may pass to Lord Rayleigh’s 
equation (12) as representing the distribution of velocity in a cyclone originally 
noimal m which convection at the coie, and consequently convergence, is 
operative, and equation (13) as lepiesentmg the distribution of pressure at the 
stage when the convergence ceases Since the distribution of pressure in a 
cyclone of considerable dimensions will alter very slowly, we can regaid the 
pressure equation as holding good for the specified distribution of velocity 
although the convergence may not have ceased And the two equations may 
be regarded as geneial equations for the velocity and pressure m a cyclone 
originally normal but affected by convection at the core or any other process 
which IS equivalent theieto and causes the convergence towards the centre 
of the circles of fluid in any layer 

For the purpose of iigorous comparison we ought to make allowance in 
the equations for the rotation of the eaith For this puipose as a fiist approxi- 
mation, neglecting the eai th’s curvature, we should increase the radial accelera- 
tion in equation (i) by 2o)V sin and subsequent equations depending 
upon It would be modified m consequence And if the cyclone is travelling 

10 
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as our cyclones travel we should allow for the effect of the motion of transla- 
tion That may perhaps be sufficiently provided for by understanding that 
the velocity should represent the velocity relative to the tornado centre and 
not the resultant velocity of the air and bearing in mind the displacement of 
the centre of circular isobars with reference to the centres of permanent and 
instantaneous rotation We cannot assume even for the purposes of rough 
approximation, that the effect of the geostrophic term which ought to appear 
in equation (i) may be ignored in our consideration of the use of the two 
equations to represent the phenomena of the cyclones of our experience. 

W^e can give a general idea of the distribution of velocity and pressure in 
a cyclone that has experienced convergence towards the centre by presenting 
graphs on an arbitrary scale of the several teims of the right-hand side of 
equation (12) and their resultant and the graph for the resultant distribution 
of pressure as given by equation (13)1 modified by the addition of sin<ji 
to the pressure equation from which equation (13) is derived by direct in- 
tegration These graphs are all included in fig i 

To provide material foi comparison with actual cyclonic conditions we can 
appeal in the first instance to maps because they piesent the actual position 
at a specific epoch We select the most conspicuous example known to us of a 
well-formed cyclone of the largest scale which is that of Febiuary 20, i907> 
memorable for the gale which wrecked the s s BstIvu off the Hook of Holland 
We can regard it as a huge cap of air instantaneously in rotation about a centre 
very close to the West coast of Norway in latitude 60° N in the N orth Atlantic 
not far from the centre of isobars Taking the figures for pressure and velocity 
from the observations at exposed stations m the south-western sector of the 
cyclone from the map for 8 h of the day of the storm^ we get the curves 
represented by the thick lines of fig i The resultant graphs obtained from the 
equations are represented by continuous thin lines the auxiliary graphs by 
dotted lines The similarity of the actual to the theoretical curves is sufficiently 
well marked to justify the comparison It must be remembered that the winds 
are surface- winds and the velocities of the theoretical wind of the fiee atmo- 
sphere have been reduced by subtracting a third for the comparison We 
ought also to note that there are in the map some local peculiarities which are 
practically of the highest importance because among them was the hne-squall 
near the trough-line which caused the wreck referred to Such local disturb- 
ances are not represented in oui diagrams, because the south-western sector 
was generally free from them 

Another mode of companson with the theoretical results may be based on 
the autographic records of pressure and wind obtained at the various observa- 
tories within the area covered by a depression This method has the great 
advantage attaching to continuous records, but it is not quite so appropriate 
as a perfectly complete map would be because the record which we obtain 
depends upon the travel of the disturbance over the station and changes in 
the distribution of pressure and velocity certainly may take place while the 
^ Weather of the Bnttsh Coasts, chap xi, § 7 
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record is in pi ogress and pioliahly inoic 01 less inatciial ciuinges oecui in 
eveiy case 

For the puipose of cotnpaiison we may use leeouls eithei of wind 01 of 
pressure. Recoids of temperature are of little m ii<> use foi the puipose of 
identifying the structuie of a cyclonic depiession because the teiujieiatuie of 
layers near the surface depends to so gieat an e\tent on the leteiit histoi}' of 
the air and at the sui face is subject to local vai iations fi oin u Inch the uppei an 
IS probably free Humidity and sunshine aie siinilaily liepeiuleiit upon local 
circumstances 



Fig 2 Graphs of pressure showing intorferenre of flic miifiu e hivers 
with the symmotiy of levolving fluid. 


Records of pressure arc familiar to meteorologists hut the anulysis by in- 
spection of their evidence in illustration of revolving fluid in the atmosphere 
18 not an easy matter Wc may first call attention to a peculiaiity that is 
noticeable in many of them in connexion with the passage of the trough, and 
may be attributed to the effect of the juxtaposition of bmlies of ait of tiiflertnt 
tempeiatures in the lower layers which destroys the symmetrv of the distri- 
bution of pressure with regard to the centre. 'I’he motion of these hetero- 
geneous masses of air is controlled by the distribution of pressure ahovd them 
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and in turn affects the distribution at the surface The inherent difficulty about 
Huiface-tenipeiatuie in respect of the dynamics of the atmosphere depends 
upon Its unilateral behaviour In the bee aii all changes of temperature can 
find then adpistiuent in a mutually recipiocal manner Cold air may go 
dovvnuaul, waim an upwaid, but at the surface the an which is cooled must 
leinain and in consequence the lowest layeis of the an beneath a levolving 


column mav be divided into poi turns of 
which the tempeiatuie is markedly dif- 
teient Wheie these diflerent bodies of 
an aie m juxtaposition line-squalls occur 
and the synuneti y of the cm ve represent- 
ing the variation of the baiometei is 
destroyed In illustiation of this mtci- 
ference with the symmetiy chaiactei- 
istic of levolvmg fluid we may show the 
differences noticeable m six barogiams 
representing tlu* same cyclonic depies- 
sion (fig 2). On this account, ordinary 
hatographic records do not generally 
help us in our study of the details of the 
relation of the phenomena of revolving 
fluid to those of cyclonic depiessions in 
oui latitudes On the othei hand the 
available exainjiles of haiogiams of tio- 
pical revolving stoi ms show the appro- 
priate synimetiy. An example is lepie- 
sented in the Mcteoralofinul (llosstiiy'. 
Occasionally however at difleient sta- 
tions we have obtained cm ves i epi esent- 
ing vaiialions of pressure which may be 
attributed to levolvmg fluid. As an 
exainjile we may take the simultaneous 
recoids from four micio-baiogiaphs 
which magnify the pressure-variation 
twenty fold repiesented reduced to half- 
size in fig. 3. 'I'liey are compiled fiom 
the records of July 12, i<)o8, which are le 



pioductd in the Rcpoit of the Biitish 


Association foi that year*. 

Fluctuations such as are indicated in this figuic occur m what may bc 
calleil thumlerv weathei but at some hundred miles away fiom the locality 
where the tlumdci stoi m is taking place 'I'he laigest of those represented m the 
figure was accompanied by heavy clouds and a lew chops of ram but nothing 
inore. It seems harilly [lossible to rcgaid them othei wise than as local whirls 


I M C) PuIiluMiiun, 225 n. V HurruancH 
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of air, though we have no actual evulcnco oi wintl-wlocity in favoin of that 
view, because there seems no explanation of the maintenance of the pies- 
sure-distribution for the duiation nuiieated in the diagiain on anv other 
hypothesis 

As examples of recoids of wind we have the foui ciiives of hg 4 which 
give smoothed curves of vanatmn of wind dm mg the passage of depiessions 
on four occasions toi which facsimiles of the original lecoidsajipeai in the h'nst 
Report of the Advisory Committee foi Aeionautic.s' The cuives have been 
obtained by drawing lines along the niKldle of the nbbon of the oiigmal trace 

I'he first, A, leprcsents the changes m the velocitv of the wind as a depies- 
sion passed Abcideen on the Noith It is ehaiaeteiistie of reeouis of such 
occurrences The variation of diiection was fiom HW by ,S thiough W to NW, 
so that the actual centre mussed the ( )bservatoi y ; and it should be noted that 
the velocity increases to a maximum when the wind is from WNW and the 
centre is nearest From that point if fulls ofl again, 'riie shape of the enive 
suggests therefore the simple vortex with velocity propoiliomil to ijr lather 
than the normal cyclone with velocity propoitional to t. 

The next example, B, us from Scilly for Jamiaiy <> 10, icjoi , which shows a 
sudden lull and recovciy in the wind. 'The shajH* of the cm ve suggests a noi- 
mal cyclone with great angular velocity compiisecl within a space eipuvalent 
to an hour-and-a-half on each side of the ccntic which passed fiom South to 
Noith beyond those limits the velocity is nearly uniform foi a long time 
betoic and after the passage of the centie hut in opposite directions on either 
side of It 

^'hc third example, C, shows remarkable changes m wiml at Holyhead 
during the passage of the stoini of September ion, i<jo,^, winch has alreatiy 
been repiesentcd m fig. 4 of chap, x and which will he within the recollection 
of all those who were present at the meeting of the British Association at South- 
port in that year. 'I'he sudden change of direction from SW by W to NNH. 
N and NW shows that theie was a centu* to the Nortli of the anemometer 
which passed from West to East but theic is no pi oper symmetry with regard 
to the centre At fiist we supposed that an exjilanation of this want of sym- 
metry might be found by assuming that there were two whirls both of the 
order A/r superposed and not tpiite concentric, and that the smaller one 
escaped notice in the map of the depression in chap. x. 

And this may remind ns that there are endless possibilities for one column 
of revolving fluid within another because, as we have seen in chap x, a 
levolving column can he cairicd along with the flow along the isobais. I Icnce 
if the primary analysis of the distribution of winds over the Northern hemi- 
sphere be a I otation from West to liasi round the pole covering in the more 
Northern regions a rotation from East to West represented by a gicat anti- 
cyclone, then within cithei the Westerly 01 the Eastctly current or between 
them there may be examples of revolving fluid of which the whirl of I'ebruaiy 
20, 1907, IS a most notable specimen, and within the area of a cyclonic 
^ Reports (md Mt Moy and (t, Hi) o, cjf Wind Stuu tuii< i ii#, ift Hr/iiiitl 
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depression oi that type theieniaybctravcllinfj; tohumiHol moK inj^^ fluitl which 
are identified on the map as small sccond.inc.s I'.vcn m those we may have 
still smaller whiils which at most uic icpicsented In emhnmieiv ol the 
harogiam 

But the real cvplanation in tins case piovcd to he quite diiieicnt The 
orientation of tlic winds on the two sides ol tlie ccntic ol the depiession is 
neaily opposite and it was icaliscd that, as the letoul of vmiuI is ohtameii fioni 
an anemonietci only 33 Icet liom the giound, the rcioul will he suh|cct to 
the peculiaiities of the exposuic, and that, atuiidiiig to the figiiies given m 
Table II and the cuivc ol iclation of snilace-wind to the gi.ulient tii fig. 3 
of chap II, the cflect of tlie e\po.suic at I lolyhcaii is verv dilleient foi difleieiit 
orientations It seemed dcaiiable thcieloic to ‘‘collect” the leailingh taken 
from the record in ordei to obtain the “lice" wind foi the setual oiientations 
by the application, as a multi|ilici, of tlie leciprocal of the coriespoiuling 
ratio of the surface-wind to the geostiophic wind. 'I’lie tecoid,C', was tlieieloic 
treated in this manner and a giaph of the free wind of the iie|nession thus 
obtained using the figures of 'I'able II which were deiivetl f'loin an analysis 
of eight yeais of observation 'I'lic “collected" giaph is icpiesented in fig. h 
and It will be appaient that the oiiginul want of s\minetiv has disappeaied 
and we obtain a veiy staking cuive tejiresenting the liistiiluitioti of velocity 
in the depiession of Keptcmlier 10, i(;03, which consists of an inner poitioii 
or noimal cyclone with a huge ungtilai velocitj. like that in the leiittal poi- 
tion of the graph B, and an outci poition in which the variation of veloeit\ 
with distance fiom the centie is moie nearly aecouhng to the law .h The 
depression was travelling at the lime at about 44 miles pei hum oi 20 inettes 
per second; and the diameter of the central poition wlmh took thiee hours 
to pass the instiumcnt may be estimated at about 350 kilometres. < >11 leferenee 
to the map on p. 128 wo find that the centieof isohais wasa eonsideiable dis- 
tance south of Holyhead and we therefore have lurtliei direct evhienee ol tlie 
separatum of the dynamic centre from the instantaneoiiH centie in the ease 
chosen as an example in chap, x The tiiametci of the complete i evolving 
system is about 1000 kilometres. The nearly iinifoim velocity on either side 
of It in the recoid icprcsents the velocity of tianslation eom’spoiiding vvitfi 
the isobars ol the larger system in which the rotating eoluimi moved. They 
were from West at fust but subseipicntly from Nortli West. Reeoid V b.i’s 
therefore furnished us with another type of depression difleicnt in its dis- 
tribution of velocity fiom that of Kehiuary 20, 1907. 

1 he result is intctesting in another way. The velocity at its lovvest ifoes 
not reach the zero line as it would do at the actual centre of instantaneous 
loiation of a tiayclling column Making a correction for the deviation by 
friction, the minimum velocity is fiom 260" (W by H) and pieviously from 
221 (bW) Hence we may conclude that the itistuntaiicous centie at the time 
of the minimum velocity was a little to the North of the aiiemoiiietcr at 

centie of the ciicle of maximum velocity was just to 
the South of that station. 
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It B only fan to say that m Table II of chap ii there is another line of 
values ioi the latio of the sutfacc-wmd to the geostrophic wind at Holyhead 
winch gives a much higher factoi of collection tor winds in south-easterly 
(iuaitei8» I1ie tesult of using these collections instead of those which were 
employed foi fig 6 is that the SSW wind when coirccted leaches the veiy 
high figuie 130 miles an houi while the NNE wind on the othei side only 
leaches 100 miles an hour The want of symmetiy instead of disappeaimg 
IS lewised Tlie disciepancy is to be legictted but, as we have aheady said, 
Its existence is not suipnsmg because the dctei mination of the ratio of the 
suiface-wiiul to the geosti opine wind depends upon a very lough-and-ieady 
mode ol pioceduie Ceitainly when the figutes wcic taken out it was ncvei 
supposed that they would some day be used to coiicct individual leadings of 
an anemometei of the fiist class, and yet, the conclusion that theie was a 
sxmmetncal cnculation round an instantaneous ccntic fits in so well with 
all the rest of the known cncuinstances of the occasion that it claims 1 ccog- 
mtion in spite ol tlie ciudeness of the obseivations by which it has been 
reached 

IaI us theiefoie pursue the study of this occasion a little fuithei We have 
aheady seen in chap, x that a noimal cyclone with voiticity ? travelling with 
velocity Fis leprescnted by instantaneous lotation loimd a kinematic centre 
distant Vfi fnim the tornado centre. With a lotatmg system in which the 
velocity depends upon the distance from the centie but is not directly pro- 
poitional to it the lesult is not so simple, but we can obtain a solution graphic- 
ally. If we consider a **Hnnple vortex” m which the velocity is pioportional 
to i/r, a ling with radius t will have a voiticity propoitional to i/r^, and 
when the system travels with velocity V the pai tides in that paiticulai nng will 
fiave the velocity which conesponds with lotation lound a centic at a dis- 
tance pioportional to by finding the ccnties for a senes of nngs we can 
obtain enough indications of the velocity at diffeient points of the resultant 
fiekl to enable us to diaw lines of flow for the combination of the motion 
of translation and the motion of i citation in the ‘‘simple vortex ” 

Buppose, theicforc, that wc regard the conditions of the tiavelling cyclone 
of Beptember 10 n, 1903, as lepreacnted by a normal cyclone with a radius 
of 123 kilometres and marginal velocity of 43 metres per second occupying 
the central portion and surrounded by a simple vortex m which vr is constant 
and ecjual to the value indicated in the maiginal nng of the noimal cyclone, 
where is 43 metres per second and r 125 kilometies I'hc pioduct in c 0 s 
units IS 5*4 (\imhmmg the motion of this rotating system with the 

translation of 20 metres per second wc get the results which aic repicsentcd 
by tlie lines of flow charted in fig 5 on the scale of the larger map of the 
Daily Weather Repoit. Hieie m purposely a little want of symmetiy m the 
lines, intioduced by the change in the direction of the stream m which the 
rotating system was drifting, d he centres which have been used for constiuct- 
ing the elements out of which the lines of flow are made aie indicated on the 
cliiirt; the figures against the centres give the radn of the ouginal nngs 
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Fig 5 Chart for i8 h (on the soalo of i\w 7 h tiiad of tlie I)«ulv Weatlier 
Re])ort, r 2x10’) of tlie lines of flow of an ni a stu\un luuinng at itMUotics pei 
second, caiiymg with it a noimal cyclone which has a diaineiei of i‘>o kiloineties 
and voiticity f e<jual to ^ ^ x 10“"* ladians pei second, «uid is hnnoniuleil by a “simple 
voitex'' m the labile condition as tegaids stability having flu‘ puHlmi iv constant 
and ecpial to 5 4 x 10^^ cos units (j ^ nicdies pm s(*cond at li*) kiloiuetn’s ) 



Nofe In flf^lue *•, the (ir< le inaiki'd bva dmin line has been taken to niaik a lohmm of 
levolving thud which had a velocity in lotation ol ono nn to* pet second ti is the toiimdo 
ecmtie O' the inslantancouH c enlie of the nounal tydonc* of kilonnUic's tadnis V the 
ccntie of <i small tnde repiesenling the actual circulation within the normal « vt lone as 
icsorded by the aiunnoinel(‘r at flolyhcsid on Septenihcu lo the iimtantaruous centre of 
tolation foi the imgs of the simple vortex of chffeient chameteis is indnatcsl bv points 
against winch the csinesponcUng uuhiis ih maikcsl in kdometies Ibe scstion of the voitev 
winch passed ovci the anemometei is mdlcated bv a line* of cumsc's 

Then taking a line across the chart indicating as ncaily as can be ascer- 
tained the section of the system which passed over the anemometei at Holy- 
head we obtain the vHocity for successive stages as the velocity in rotation 
round the centre proper for the moment with the proper vorticity and ladius. 
By these means a graph in a thin line has been added to the diagram of fig. 6 
representing the velocity at different stages of the passage of the hypothetical 
system over the anemometer. We have already mentioned that the thick line 
lepresenls the record of the Holyhead anemometer corrected for the friction 
at the surface The reader must remember that the anemometer curve is read 
from left to right so that the later stages of the proceedings arc on the right ; 
but the chart represents what passes over the anemometer from left to right 
and hence the eailier stages are represented on the right and the two rcpiesen- 
tations must be compared by reading in opposite ways 

As an analysis of meteorological conditions the agreement disclosed by 
the comparison is remarkable No serious misiepicscntation would result if 
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(in tlun line) of the (onipulcd lecoicl oi the wind during the 
])ass*ige of flu* hvpotheiRal tydonic system lepicsented in fxg 5, togeihei with a 
giaph (ai thick line) ot the lecoid of the wind at Holyhead liom Septembei 10, 5h, 
to St‘pU mbei ujo cm u‘t (<‘d foi the influence of the fiiction of the sui lace 

by the data of lalik* 11, chap 11, to give thevcdoutyol the wind in the “lice an 
I Iu‘ tiinc^ sCiiie is adpistcHl so ilnit (if the giaph weie leveised) the vcdocity at any 
pond ut it would conc'spond with that ol a point m lig 5 at the same distance iiom 
thc» ccuitit^ on the luu‘ ol ciossc‘s wliuh niaiks thc^ scntion ot the system 1 epic'sentcsl 
on tlu' ancnnoipain fot Holylusul 



Nt>k IH an ow ought m tin' wot king out of the details (at the tune whcni the wai was 
iiiMiing the diainatn denotn me nt of November oiiH) the laiget doili'd < 111 !<' of liguie 5 was 
taken a‘t 11011 king tlie positioiiH m the' voitcjc of a velocity of one inetic* jH'i st'coiul insteiul 
of tin inetUH pei se< (unl Hn* thin line* (tlu'oietic al) of hg 0, tlierefoie, does not piopeily 
leprescnt a cross mh tnm ot hg s hut an imaginary and unsliible voitcx of inoie hniitc'd 
dimensions in which the velocity kills oil inoie lajudly than in the simple vorlc'x with /o 
tcnoganl 

I he form of the thecuetn al c mve can, howc'vei, he adiiisted to a Himple voitex ai>pio\i 
mating to tin tui\«* ol ohservcsl velocity by sc'lcsling value's foi the velocity of touislalion 
and the masmmm \eloi ity m rotation Adht ring to the value of 4^ m/s foi the* ma\iimim 
viloiitv a very gocul approximation m obtanu'cl with a velocity of ttanHlalion ol i(> lu/s 
and thn agrees with tin* avc’iage rate of tiavcd of the < enlie between lO h and 21 hand iUho 
with the Mlocity of I / iu/h cornpulcsl from the jraiallt'l isobars on the eastc'in side ol the 
iletiressron as shemn m the map ffig p c liap \) 1 ho value 20 m/s usc'cl m hg 0 was taken 

from the posiliottH of the centre at iH h and 20 h on cithei side of Holylusid as nliown m 
hg ehap x, and is probably too large An alteruLionof the vcdotily of translation miplu's 
a (oriesismdtng change In the luale of distances m hg (> and c onsc'cuu'ntly m the diagrams 
and m inanv of the numetu al values cpiotecl inthetc'xt The hiic's of the argunient as to Um 
repiesentatlon of a travelling c yc knn by the combination of a normal c ydone, sutiomided 
by a simple vortex, with a velocity of tuuislation represenUd by Htniight isobaih aie not 
affected but they await cmitumation !»y other example's Meanwhile it has hc'en thought 
b'st to allow the diagrams and text to stand as punted, k'aving the icsidcu who is mtc H'hU d 
in the cietails to work <ait the collections for Imnsdf 

we regardfi! tlie cyclonic tlepiession of September 10 11 as consisting oi a 

central core of normal cyclone sunounded by a simple vortex, with vr equal 
to s 4 I o'" t'.(5.a, units 

‘it will be remembered that ior stability ought to increase with distance 
and tlie actual example shows vr to be appaicntly just beyond the limit oi 
stability. 'This is a very inteiestmg circumstance in view of the fact that some 
day we may leai n what the con8ec|uence of instability must be in such a case 
^rhe normal cyclone is a very stable foim of motion and the wavy form of the 
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graph of velocity is veiy suggestive of successive rings of stalile motion with 
intermediate rings of less stability It would of coiiise he ahsuui to lay great 
stiess upon the details of the shape of a graph arrived at by the method 
described, but the shape and its symmetiy with regard to the centre are too 
attractive to be passed without lernark 

Perhaps we may regard the fast travelling cyclones, at ItMst, as resembling 
moie 01 less dearly the structure indicated by a simple vortev siii rounding a 
noimal cyclone, and gradually degenerating foi lack of stability. That hypo- 
thesis explains another feature of the cyclone of Septeinlnu lo ii which has 
foi a long time seemed lathci mysterious, that is the looped tia)eetoi\ m.uked 
L on the chart of trajectories, fig 5 of chap \ It appears that, with the .system 
desciibed, theie must be two points of zero motion, one within the region of 
the normal cyclone and the other somewhere in the simple voitev where the 
velocity IS equal and opposite to the velocity of translation. 'I'liis jioint is 
clearly indicated on the chart of fig. 1; and the an which has a westward 
motion just below it iniust form part of a trajectory such as that which is 
diawn on the chart liom the starling point inaikeci L Looped trajectories 
are generally formed round the kiiK'inatic centie of a cyclone but they can 
also be formed in the peculiar ciioiimstantes indicated in lig. 5 A few ex- 
amples have been found by R Corless in an unpublished disct'ission of the 
complex cyclone of Octobei 23, iqoq 

The fourth tiacc, 1) of fig. 4, was merely introduced as an example of the 
discontinuity of velocity in the atmosphere' as di.sclosc'd by the record of an 
anemometer, but after what has been sard about trace C’ and in view of the 
gencial similitude of the two curves it seems possible that the discontinuity 
was moie apparent than real It should be noted that the time-scale foi the 
tiace chfleis from that of the other traces by twelve hours. 'I'lie sudck'n in- 
crease of velocity occurred at to h on August 3> 1900 A better example of 
discontinuity in velocity is shown in the record at Pendennis ('astle for 
August It, 1903, which is lepiocluced in the Ltfr-Uhtory. It wmild clearly be 
desirable to examine the effect of treating the other records of fig 4 in the 
same way as those for September 10. A cursory inspection shows that the 
irregularity of the two maxima of curve A for Aberdeen wouUl also dis- 
appear. 

To the distribution of velocity represented in fig. 5 may he fitted a distri- 
bution of pressure because, as we have seen in chap, x, the field of piessure 
appropiiate for a travelling rotating system is obtained by the combination of 
the field appropriate to the rotation with that appropriate to the translation. 
In the case of the normal cyclone it has been shown that the combination is 
a system of circulai isobars identical with that appropriate to the rotational 
component but centied at a new point The same mode of procedure enables 
us to deal with the central region of the scheme of fig. 5, within 121; kilometres 
of the centie But in the region of the outer “vortex,” wheie each ring of air 
las a different angular velocity, a whole senes ol new centres will be rec|uired, 
not merely a single one, and the equation to the family of curves repiesenting 
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tlie ibobais becomes complicated 'Fhc resultant distiibution ot pressure can, 
however, be obtained graphically I'lie component field of piessuie in the 
rigion of the voitex appropriate to the rotation can be obtained by the 
integiation of the gradient equation (y) in the loim 

dpjdr - pv (zco sin p -| vjr) 

hy substituting Ajr for the velocity m lotation, v, wheie in c G s units, 

IS 5 4 10'“ 'I'he othei component field, ajipiopiiate to the translation, is 

given by the gradient equation (G) 

dp' I dy - - 2tt)/)F sin p, 

where for V is substituted the velocity of translation, which in c a s units is 
2 / lo'*. Plotting these two component fields upon squared papci and com- 
bining them we obtain a chart ot isobars repiescnting the resultant distribution 
of pressure which is (piite similar in its general featuics to the chart of velocity 
as icpresented in fig 5 But theie are chfTeiences in detail which aie specially 
notewoi thy ' I'liei e ai e two points ot zei 0 gradient whei e the gi adient for the 
motion of lotation is ecpial and opposite to that foi the motion of tianslation, 
)ust as theie aic two jioints ot no velocity, but the points ot mo giadient do 
not coincide with the points of no velocity In the “normal cyclone” the 
point of 2CIO gradient will be nearer to the centre than the point ol no velocity , 
and in the “ voi tex ’’ it will be fuither away 'I'lie sepai ation of the two points 
ol /CIO giadient in the lesultant field ot piessuie will theiefoie he gi eater 
than the sepaiation of the two points of no velocity, and the isobars must be 
adpisted to lepresent the situation 'Phis state ol things arises fiom the fact 
that the equation (y) loi the giadient ol piessure in the field foi lotation in- 
cludes a teim v'^/r which does not appeal in the geostrophic equation (G) foi 
the field of translation In othei words, motion along a cuived path balances 
a greater gradient than inotion with ccpial velocity along a stiaight path 
'I'he positions of the points of zero gradient will be on thej);-axis as selected 
foi the repiescntation of the tianslation, and can be computed by writing 
foi r in the gradient ecjuation (y) and ecpiating the light-hand sides ot the two 
equations. It is evident that the two gradients are equal and opposite vvhen 
the velocity of rotation v is less than the velocity of translation V. Ihus, 
where the gradients are equal and opposite there will be a icsidual velocity 
in the direction of translation and, on the other hand, where the velocities 
are equal and opposite there will be a lesidual giadient of pressure in favoiii 
of the rotational component Since the smaller velocity is to be found neaier 
the centre in the normal cyclone and fuithci irom the centie in the simple 
vortex the points of zeio giadient will be neater to the centre in the one case, 
and furthci from the centre in the other case, than the two points of xeio 
velocity lespectively. 'I'he isobais which represent the distribution must be 
elongated to provide foi the increased separation 

'I'he equation tor the determination of the point of zero gradient in the 
region ot the vortex is a cubic which has a real root giving a distance of 
approximately 370 kilometres from the centre of the revolving fluid, 'i’his 
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solution agrees well, as of course it should do, with a chart constructed to 
represent the distribution of pressure The displacement of the centie of 
isobars for the interior normal cyclone, for which I is equal to 3 4 x lo"^ 
radians per second, in a current with a flow of 2 x 10^ cm/s, as computed by 
the formula of p 125, is 15 kilometres The calculated distance between the 
two points of zero gradient is therefore 355 kilometres The separation of the 
two points of zero velocity shown in fig 5 is 250 kilometres Hence we see 
that the point of zero gradient in the region of the vortex may be a considerable 
distance from the point of zero velocity 

The conclusion is very well illustrated by the actual map ot the distribution 
of pressure on the occasion of the cyclone of September iO“ ii, 1903, which is 
given in fig 4 of chap x We have there the two points of zero gradient 
indicated, one very definitely by the small circle near to Holyhead and the 
other very vaguely by the bending of the isobars in the neighbourhood of 
Aberdeen Making an estimate of the position of the second, the distance 
apart measures about 500 kilometres which is again considerably greatei than 
that obtained from calculation, but in this connexion we ought to bear in 
mind the recrudescence of velocity in the actual cyclone of September lo-ii, 
1903, shown in the record of velocity represented in fig 6, at 600 kilometres 
from the centre on the eastern side and at 500 kilometres on the western side 
We have already explained that too much stress must not be laid upon these 
irregularities in the curve of wind- velocity, considering the process by which 
they were arrived at, yet it is curious, if nothing more, that a ring of enhanced 
velocity at 500 kilometres distance, with the pressure-gradient which would 
accompany it, would be extraordinarily useful in bringing the theoretical map 
into accord with the observed phenomena 

And now, having obtained, in a very unexpected manner, further in- 
sight into what the structure of an actual tiavelling cyclone really is we may 
profitably turn back to the representation of the theoretical normal cyclone 
as set out in fig 6 of chap x In describing the map we explained that the 
theoretical cyclone therein represented ended m a ring of maximum velocity 
which had to be adjusted to its environment and we had no information as to 
what the nature of the adjustment was We left it as a discontinuity of velocity 
which had to be accommodated and now we see that the accommodation is 
arrived at by including in the column of revolving fluid an outei region which 
IS approximately represented by the law of the simple vortex with vr constant 
It follows that the area of the column of revolving fluid extends far beyond the 
boundary which was drawn in figs 4 and 6 to mark the limit of the normal 
cyclone and includes on the northern side regions of zero velocity and of 
zero gradient of pressure which in themselves are not at all suggestive of con- 
tinuous motion in rotation In order to include the whole rotating mass the 
boundary circle in the map of fig 4, chap x, ought to have extended northward 
beyond the Scottish mainland and in that case would have taken in also the 
curved isobar which crosses central France It would follow that the whole 
mass of the revolving column occupied the outer margin of the general system 
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of isobars lunmng from west to east across the map When we think of the 
travel of a cyclone we must include those extenor regions which hitherto have 
seemed to be only part of the environment 

On the other hand, as a suggestion for the boundary of the normal cyclone 
which formed the central portion of the complete revolving system m the 
particular case of September lo— ii, 19^3 > dotted circle of fig 4 > 

IS much too large Its radius is 380 kilometres, whereas, according to the 
record of wind at Holyhead, the normal cyclone extended only to 12-5 ^ 

metres from the centre The limiting circle, as drawn in fig 4, was taken 
tiom the theoretical map of fig 6 (chap x), and we may now see the explana- 
tion of some of the differences between the two maps Theie is a gradually 
increasing compression of the consecutive isobars in the outer region on t e 
southern side of the theoretical cyclone which is not borne out in the com- 
parison with the actual map The changes in wmd-velocity with distance from 
the centre stand likewise in need of adjustment When the theoretical 
was drawn it was thought (p 127) that too large a figure had been taken for 
the vorticity, but now it appears that for this particular occasion the opposite 
was the case, the vorticity for the central region was in reality three-and-a-hall 
times the assumed figure , but the radius over which it remained constant was 
only one-third of that represented The ring of maximum velocity was much 
closer to the centre , the immediate environment of the normal cyclone formed 
part of the revolving system and was a much more extensive and impoitant 
part of It than was then supposed 

We have noted some curiosities in the lelation of wind to the distribution 
of pressure along the axis ofy, which m this case is drawn northward from the 
centre of the revolving fluid , there will be peculiarities of another kind in 
other parts of the area, which we have not yet traced and which show that 
even in the free air, and when the balance of pressure and wind is completely 
adjusted, the relation of the wind to the distiibution of piessuie for curved 
isobars is by no means a direct connexion between the lines ol lun and 
separation of the isobars and the direction and velocity of the wind in the 
same locality Many more examples must be analysed before the complicated 
relationships of pressure to wind in the case of revolving fluid can be regarded 
as estabhshed, but if our diagnosis of the conditions of the cyclone ol 
September lo-ii, 1903, be correct we may derive some satisfaction tor the 
discomfort which it caused to the International IVleteorological Committee, at 
the Meeting of the British Association at Southport m that year, from the con- 
sideration that It was the first to yield a complete analysis of the true internal 
structure of a travelling cyclonic depression 

We have taken the circular form as typical of the stable condition ol 
rotation but apparently there may be other forms too The isobars of per- 
manent cyclones are of very diversified shapes and are subject to continual 
change The elliptic shape is, however, often persistent and possibly an elliptic 
form of line of flow is a stable form A noteworthy example occurred on the 
map for 7 h on August 29, 1917, m which the major axes of successive 
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isobars were just twice the minor axes and the distribution of wind showed 
pioportionahty to the distance of the isobar from the centre 

The reader will gather from the fragmentary nature of the discussion of 
the application of equations of revolving fluid to the phenomena of cyclones 
that the subject is as yet almost unexplored So fai as we have gone, it would 
appear that the distribution of velocity in the ordinary cyclones of our maps 
suggests the^simplevortex’’ with velocity for the outer margin of a cyclone 
with velocity and the examples of the fast travelling storms of the Life- 
History were not exceptional m that respect The cyclones of oui maps show 
local distortion of the isobars in the form of secondaries or line-squalls and 
we have yet to learn how these disturbances become incorporated m the laiger 
general circulation and what is their ultimate effect upon that circulation 
A cyclone like that of February 20, 1907, certainly represents the instantaneous 
motion of a cap of 1 evolving rings about 2600 miles in diameter, or 40° of 
latitude , and such a mass must have a good deal of stability At the surface 
the variations of temperature are very considerable and cause local phenomena 
of various kinds, but up above we may suppose the distributions of tempeiature 
to become as symmetrical as those of pressure or wind 

It has long been supposed that the variations of temperature at the surface 
are themselves the cause of the original circulation of the cyclone, but it is 
much more easy to explain convection along the core as the effect of an 
existing ciiculation above than vice versa, and there are so many examples of 
convection attended even by copious lamfall which produces no visible circu- 
lation that It IS difficult to regard convection from the suiface as a sufficient 
cause of our numerous depressions A useful example may be given fiom the 
remarkably wet period of July 27 to August 5, 1917, of the influence produced 
by rainfalU At the beginning of the period very heavy rainfall occuired m a 
region of strong winds near Glasgow without any apparent effect on the 
circulation But after four or five days of ram about the Straits of Dover, m 
a persistently quiet environment, a moderate cyclonic depression did appeal 
near that area and it disappeared again after a few days' existence As the 
equivalent of the energy set free by the condensation of water- vapour it was 
very inadequate and we cannot suppose that there was any proportionality 
between them Some other conditions than simple convection from the sur- 
face are necessary for the development of our cyclonic storms and when they 
are developed other conditions than convection at the warmest spot provide 
for their maintenance 


1 For another example see Daily Weather Reports for Januaiy 3-10, 1919 
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